
AD 

Award Number:  DAMD17-01-1-0X0^ 

TITLE:   Tumor Oxygen Dynamics as a Prognostic Indicator of 
Effective Antiangiogenic Therapy 

PRINCIPAL INVESTIGATOR:  Dawen Zhao, M.D., Ph.D. 

CONTRACTING ORGANIZATION:  The University of Texas Southwestern 
Medical Center at Dallas 
Dallas, TX 75390-9105 

REPORT DATE:  May 2003 

TYPE OF REPORT:  Annual Summary 

PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland 21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release; 
Distribution Unlimited 

The views, opinions and/or findings contained in this report are 
those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision unless so 
designated bf other documentation. 

20030904 058 



REPORT DOCUMENTATION PAGE 
Form Approved 

0MB No. 074-0188 
Public reporting burden for this collection of infonnation is esBmated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for 
reducing this buiden to Washington Headquarters Services, Directorate for Infonnation Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of 
Management and Budget, Papen«ori< Reduction Project (0704-0188), Washington, DC 20503 

1. AGENCY USE ONLY 
(Leave blank) 

2. REPORT DATE 
May 2003 

3. REPORT TYPE AND DATES COVERED 
Annual Summary (1 May 2001 -   30 Apr  2003) 

4. TITLE AND SUBTITLE 
Tumor Oxygen Dynamics as a Prognostic Indicator of 
Effective Antiangiogenic Therapy 

6. AUTHOR(S) 
Dawen Zhao, M.D. Ph.D. 

7. PERFORMING ORGANIZATION NAIVIE(S) AND ADDRESS(ES) 
The University of Texas Southwestern Medical Center 

at Dallas 
Dallas, TX 75390-9105 

E-Mail:  dawen. zhao@utsouthwestern. edu 

9.  SPONSORING / MONITORING 
AGENCY NAME(S) AND ADDRESS(ES) 

U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland 21702-5012 

5.  FUNDING NUMBERS 
DAMD17-01-1-0108 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 
Original contain color plates: All DTIC reproductions will be in black and white. 

12a. DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for Public Release; Distribution Unlimited 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 Words) 
Tumor survival, growth and metastasis depend critically on the development of new blood 
vessels: so called angiogenesis. One major goal of this project is to fully understand and 
precisely assess the dynamic changes in blood perfusion and oxygenation, both during 
normal growth and following anti-angiogenic therapy in diverse prostate tumors with 
differential characteristics, so that we may predict response and optimize the therapy. 
Applying non-invasive MRI techniques, we successfully detected differential vasculature 
and oxygenation among prostate tumor lines with different degrees of aggressiveness. The 
slower growing and well differentiated H and HI tumors are better vascularized and 
oxygenated than the fast growing and anaplastic ATI and metastatic MAT-Lu tumors. These 
MRI data has been validated by histological studies and irradiation. The metronomic 
therapy significantly inhibited the ATI tumor growth. The dynamic contrast enhanced (DCE) 
MRI was capable of detecting early changes in tumor vasculature cause by the metronomic 
treatment. Histological studies verified formation of dramatic central necrosis, increased 
apoptosis, and decreased vascular density and proliferating rate in the treated tumors. 
Good correlation of the MRI data with tumor growth delay suggested that the non-invasive 
MRI could predict anti-angiogenic treatment efficacy. 

14. SUBJECT TERMS 
Magnetic resonance imaging (MRI), p02, hypoxic maker, VEGF, Anti- 

angiogenic therapy 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15. NUMBER OF PAGES 

80 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

Unlimited 
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 

Prescribed by ANSI Std. Z39-18 
298-102 



Table of Contents 

Cover 1 

SF298 2 

Table of Contents 3 

introduction 4 

Body 4 

Key Research Accomplishments 6 

Reportable Outcomes 6 

Conclusions 7 

References 7 

Appendices 9 



Background: 
The diagnosis and treatment of cancers are beginning to be influenced by new ideas and discoveries 

emerging from the field of angiogenesis. Folkman and his colleagues hypothesized that since tumors 
require a blood supply to grow, inhibiting the growth of new blood vessels, i.e., antiangiogenesis, should 
prevent growth and metastasis of the primary tumor (1). Recently, Folkman's and Kerbel's laboratories 
(2-4) have shown that extended administration of certain cytotoxic agents at very low doses known as 
'metronomic' chemotherapy, increase the antiangiogenic activity of the drugs. Traditional methods for 
detection of therapeutic response generally rely on a gross decrease in tumor size. Although these 
methods are useful for assessing response at the end of treatment, little information is available early in 
the course of treatment. MRI has the ability to detect treatment-induced changes occurring within the 
tumor prior to a decrease in tumor size. One major goal of this project is to fully understand and 
precisely assess the dynamic changes in blood perftision and oxygenation, both during normal growth 
and following anti-angiogenic therapy in several prostate tumors with differential characteristics, so that 
we may predict response and optimize the therapy. 

Body: 
Initial preparation for research in Year 1 started with animal handling, tumor implantation, and 

perfiision. I received accreditation from the Listitutional Animal Care and Research Advisory committee 
Board (lACRAC) to proceed with my animal studies. I successfully implanted an orthotopic prostate 
tumor by injecting minced tumor tissues into rat prostate gland. 

I am receiving training and becoming proficient in state of the art MRI techniques. FREDOM 
(Fluorocarbon Relaxometry using Echo planar imaging for Dynamic Oxygen Mapping) with 
hexafluorobenzene, as a reporter molecule, exploits the exceptional response of the '^F NMR spin-lattice 
relaxation rate to changes in oxygen tension. Echo planar MRI provides measurements with high 
temporal resolution (~8 mins) and a spatial resolution (>100 x 4 mm voxels). This facilitates sequential 
reproducible measurements (±1-2 torr) (5, 6). Dynamic contrast enhanced (DCE) MRI based on the 
transport properties of gadolinium-DTPA (Gd-DTPA) has been used as a method in the clinic to provide 
an indication of tumor vasculature and perfusion by imaging the uptake, or leakage, of contrast agent 
into tumor interstitial space (7, 8). Blood Oxygen Level Dependent (BOLD) MRI is a totally non- 
invasive approach to provide a qualitative evaluation of blood oxygen level in tumor (9). The large 
paramagnetic susceptibility of deoxyhemoglobin produces large magnetic field gradients between blood 
vessels and surrounding tissues. I am applying these MR techniques to extensively study oxygenation 
and vasculature in prostate tumors. Our results obtained using FREDOM showed better tissue oxygen 
tension in well differentiated and slower growing Dunning R3327 prostate rat H and HI tumors, 
compared with anaplastic or metastatic, faster growing ATI and MAT-Lu tumors. Most interestingly, by 
using FREDOM to track oxygen dynamics in specific tumor regions, we found that most hypoxic 
regions in the H and HI tumor responded to oxygen or carbogen inhalation to become well oxygenated, 
while those in the ATI and MAT-Lu tumors showed little response to respiratory intervention (See 
Appended publications for details). Results of BOLD and DCE MRI, providing information about 
qualitative vascular oxygenation and perfusion, also showed that the H tumors are better oxygenated and 
perfused than the ATI tumors. Also, I have performed extensive studies on tumor blood vessels, 
perfusion, and hypoxia in the Dunning prostate tumors. Immunohistochemical studies of tumor hypoxia 
and vasculature using hypoxic marker pimonidazole and endothelium marker CD31 showed that a 
higher labeling index of pimonidazole and lower vascular density in the ATI than the H and HI tumors. 
Comparable results by cellular and molecular biology support our MRI findings. 

in Year 2,1 started the proposed metronomic therapy. Our results showed the metronomic dose (20 
mg/kg/day, p.o. in drinking water) of the conventional chemotherapeutic drug, cyclophosphamide 
(CTX), significantly inhibited tumor growth of the ATI tumors. By combining the metronomic CTX 
with the antiangiogenic agent, thalidomide, a synergistic effect has been achieved (Fig. 1). In contrast, 



despite tremendous tumor growth delay in the conventional MTD dose of CTX group (150 mg/kg twice 
per week, i.p.), all the animals (n=6) died from this highly toxic dose within 12 days. 

Fig.l 

Metronomic Metronomic 
rx+Tha) 

MRI studies were performed on 1 day before and 7-10 days after the treatment with the 
metronomic CTX and thalidomide. By applying multiple slices DCE MRI, I am able to detect 
heterogeneity within the tumor. Following up the treated tumors, significant decrease in signal 
enhancement in the central region of tumor was observed, compared with the pretreated same tumors. 
Some tumors even showed essentially no change in signal intensity after Gd-DTPA injection (Fig.2). 
The MRI results correlated well with the outcome of the treatment for individual tumors. 

Figure 2. 
Dynamic contrast 
enhanced proton MRI 
of Dunning prostate rat 
tumor in pedicle in 
foreback of rat. Pre- 
treatment: there is 
uniform enhancement 
of all three tumor slices 
following Gd-DTPA 
infusion. After 7 days 
treatment, only the rim 
enhances. 

Time course (min) Time course (min) 
Histological and immunohistological studies validated our MRI findings, showing that dramatic 

central necrotic tissues developed after the metronomic treatment and significantly increased apoptosis 
and VEGF expression, and decreased vascular density and tumor proliferating rate. More interestingly, 
vascular thrombosis was observed in numerous tumor microvessels accompanying with the treatment. 

During the past two year studies, three peer reviewed papers and five abstracts have been 
generated from this research endeavor (10-17). 

a)   -   ^. b)   pm^WW^S^P^^" 

^M^^^ 



Fig.3 Significant central necrosis was found in a typical ATI tumor 7 days after the treatment with 
combination of metronomic CTX and thalidomide (a). Anti-CD31 staining (b) showed significant 
decrease in vascular density compared with the untreated control tumor. There was significantly 
increased apoptotic tumor cells detected by anti-caspase 3 (c). 
Key Research Accomplishments 

1. Learned animal tumor implantation 
Implantation of Dunning prostate R3327 rat tumor 

2. Learned and becoming proficient in the state of art NMR techniques 
a. FREDOM (Fluorocarbon Relaxometry using Echo planar imaging for Dynamic Oxygen 

Mapping) 
b. BOLD (blood oxygen level dependent) MRI 
c. Dynamic contrast enhanced (DCE) MRI 
d. Learned operating system of new Varian MR 

3. Assessment of tumor perfusion and oxygenation during normal growth of prostate tumors 
3.1. MR approaches 

a. Better tissue oxygen tension in Dunning R3327 prostate rat H and HI tumors, compared 
with ATI and MAT-Lu tumors. 

b. Most hypoxic regions in the H and HI tumor responded to oxygen or carbogen inhalation 
to become well oxygenated, while those in the ATI and MAT-Lu tumors showed little 
response to respiratory intervention. 

c. Results of BOLD and DCE MRI, providing information about qualitative vascular 
oxygenation and perfusion. 

3.2. Correlation of MR findings with biological studies 
a. Immunohistochemical studies of tumor hypoxia and vasculature using hypoxic marker 

pimonidazole and endothelium marker CD31 supported our MR findings. 
b. Administration of perfusion marker Hoechst dye 33342 showed a good correlation 

between perfused vessels and total vessels (CD31) in the HI tumors. 
c. RT-PCR showed no significant difference in HIF-la gene expression between H and 

ATI tumor. 
4. Experimental metronomic therapy and MRI evaluation 

4.1. Tumor growth delay and histological studies 
a. Significant tumor growth delay achieved in the anaplastic and faster growing Dunning 

prostate ATI tumors treated with metronomic dose of cyclophosphamide (CTX) alone or 
combined with thalidomide. 

b. Histological studies verified the metronomic treatment induced dramatic central necrosis 
with a thin peripheral rim. 

c. Immunohistochemical staining showed that significantly increased apoptosis (Caspase 3) 
in tumor and endothelial cells, and decreased vascular density (CD31) and proliferation 
(PCNA). 

d. A large number of thromboses were observed in the tumor blood vessels treated with the 
metronomic approach. 

4.2. MRI evaluation 
a. Dynamic contrast enhanced (DCE) MRI was capable of detecting physiological changes 

underlying tumor growth delay. 
b. DCE MRI studies showed that significant decrease in signal enhancement occurred 

between 7 and 10 days after the start of metronomic treatment. 

Reportable Outcomes 
Reportable outcomes that have resulted from this research endeavor include: 
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Conclusion: 

Results reported here were successful in terms of the outlined tasks cited in the original Statement Of 
Work. Eight publications have resulted from this research endeavor during the past two years. Our 
results suggest that the metronomic approach is very effective on our prostate rat tumors, which has 
been verified by tumor growth delay and histological and immunohistochemical studies. More 
importantly, our MRI approaches predict anti-angiogenic treatment efficacy by evaluating the 
physiological changes during the early stage of the treatment. I expect such MR studies will facilitate 
further understanding and assessment of the dynamic changes in blood perfusion and oxygenation 
following anti-angiogenic or vascular therapy on prostate cancer. 

Based on the training and success of the Fellowship, and with the goal of developing my career as a 
prostate cancer researcher, I applied for the 2003 DOD Prostate Cancer Research New Investigator 
Award. Unfortunately, my 'very good' score (2.2) was not funded. However, I was successful in gaining 
a 2003 DOD Breast Cancer research initiative Idea Award. This will allow me to continue to develop an 
academic cancer research career. Moreover, while 80% of my effort will be devoted to the breast cancer 
research, I will spend the other 20% time in continuing to pursue prostate cancer research with the 
collaboration with my colleague. Dr. Ralph Mason. 
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BIOLOGY CONTRIBUTION 

DIFFERENTIAL OXYGEN DYNAMICS IN TWO DIVERSE DUNNING 
PROSTATE R3327 RAT TUMOR SUBLINES (MAT-Lu AND HI) WITH 

RESPECT TO GROWTH AND RESPIRATORY CHALLENGE 

DAWEN ZHAO, M.D., PH.D., ANCA CONSTANTINESCU, PH.D., ERIC W. HAHN, PH.D., AND 

RALPH P. MASON, PH.D. 

Advanced Radiological Sciences, Department of Radiology, The University of Texas Southwestern Medical Center. Dallas, TX 

Purpose: Since hypoxia may influence tumor response to therapy and prognosis, we have compared oxygenation 
of tumors known to exhibit differential growth rate and tissue diflerentiation. 
Methods and Materials: Regional tumor oxygen tension was measured using '*F nuclear magnetic resonance 
echo planar imaging relaxometry of hexafluorobenzene, which provided dynamic maps with respect to respira- 
tory intervention. Investigations used two Dunning prostate R3327 rat tumor sublines: the fast growing, highly 
metastatic MAT-Lu and the moderately well-differentiated, slower growing HI. 
Results: Both sublines showed significantly higher oxygen tension in smaller tumors (<2 cm^) than in larger 
tumors (>3.5 cm^). Pooled data showed that MAT-Lu tumors exhibited greater hypoxia compared with the 
size-matched HI tumors (p < 0.0001). Respiratory challenge (oxygen or carbogen) produced significant increases 
in mean pOj for tumors of both sublines (p < 0.0001). However, initially hypoxic regions displayed very different 
behavior in each subline: those in the HI tumors responded rapidly with significant elevation in pOj, while those 
in the MAT-Lu tumors showed little response to respiratory intervention. 
Conclusions: These results concur with hypotheses that hypoxia is related to tumor growth rate and degree of 
ditTerentiation. Under baseline conditions, the differences were subtle. However, response to respiratory inter- 
vention revealed highly significant diflerences, which, if held valid in the clinic, could have prognostic value. 
© 2002 Elsevier Science Inc. 

Oxygen, Magnetic resonance imaging. Prostate tumor, Hypoxia, Differentiation. 

INTRODUCTION 

Hypoxia in solid tumors has been widely recognized as a 
potent factor, which leads to resistance to radiotherapy (1, 
2), photodynamic therapy (3), and some anticancer drugs 
(1). Further, recent studies suggest that tumor hypoxia 
might also be associated with malignant progression in solid 
tumors (4, 5). Therefore, accurate measurement of tumor 
oxygenation, assessment of levels of hypoxia in individual 
tumors, and the development of effective methods to reduce 
the hypoxic fraction may well contribute to therapeutic 
outcome. Given the importance of oxygen, many techniques 
for monitoring oxygen tension (PO2) have been developed 
(6). While each method has specific attributes, many are 
highly invasive and impractical for longitudinal studies of 
specific regions of interest. Nuclear magnetic resonance 

(NMR) is entirely noninvasive: ^'P NMR provides an indi- 
rect estimate of hypoxia based on phosphorylation potential 
(7), but the measured metabolic hypoxia occurs at a higher 
PO2 than radiobiological hypoxia, and some studies have 
shown a lack of correlation between high-energy phosphate 
metabolites and p02 (8). Blood Oxygen Level Dependent 
(BOLD) contrast proton magnetic resonance imaging (MRI) 
provides an indication of tumor vascular oxygenation, and 
heterogeneity, in response to intervention, but the method 
does not provide p02 values and interpretation may be 
complicated by flow, hence, the concept FLOOD (FLOw 
and Oxygenation Dependent contrast) (9). 

We recently demonstrated the feasibility of measuring 
tumor oxygenation based on '^F NMR echo planar imaging 
(EPI) after direct intratumoral injection (i.t.) of hexafluoro- 
benzene (HFB) (10, 11), for which we have chosen the 
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acronym FREDOM (Fluorocarbon Relaxometry using Echo 
planar imaging for Dynamic Oxygen Mapping). This tech- 
nique allows us to assess baseline pOj at multiple locations 
within a tumor, and to follow dynamic changes in response 
to interventions. Hexafluorobenzene has many strengths as 
a reporter molecule; it is readily available, cheap, and non- 
toxic. In terms of NMR, the sixfold symmetry provides a 
single '^F signal offering maximum signal to noise, and the 
long relaxation times (Tl and T2) facilitate echo planar 
imaging. The spin lattice relaxation rate Rl is very sensitive 
to changes in pOj, but shows minimal response to variations 
in temperature. HFB is readily administered through a fine 
needle and remains at the site of administration for several 
hours (ty2 typically 600 min) (12). 

We have now applied the technique to investigate oxygen 
distribution and dynamics in two rat prostate tumor sublines 
exhibiting diverse characteristics. Although the baseline 
oxygenation of the moderately well-differentiated subline 
(HI) has been investigated previously using electrodes (13), 
we are unaware of previous investigations of oxygenation in 
the highly metastatic and poorly differentiated MAT-Lu 
subline. Furthermore, comparison of response to interven- 
tions, here respiratory challenge with oxygen and carbogen, 
is now established using a single technique for comparison 
of both sublines. 

METHODS AND MATERIALS 

Experiments were approved by the Institutional Animal 
Care and Research Advisory Committee. 

Tumor model 
Two sublines of the Dunning prostate R3327 adenocar- 

cinoma were selected: HI, a moderately well-differentiated, 
slower growing, hormone-insensitive, nonmetastatic subline 
with tumor volume doubhng time (VDT) of 9 days (14), and 
MAT-Lu, a highly metastatic, poorly differentiated subline 
with VDT of 2.7 days (15). Tumors were implanted in a 
skin pedicle surgically created on the foreback of adult male 
Copenhagen-2331 rats (-250 g, Harian), as described in 
detail elsewhere (16). Tumors were allowed to grow and 
investigated by MRI when about 1.5 cm^ or when greater 
than 3.5 cm^ volume (—15 mm or greater than 20 mm 
diameter). In total, we investigated seven HI tumors includ- 
ing three small (size range 1.1-1.7 cm^) and four large 
(range 3.5-4.6 cm^), and eight MAT-Lu tumors including 
four small (range 1.2-1.9 cm^) and four large tumors (range 
3.7-5.0 cm^). In preparation for MRI, each rat was given 
200 jLiL ketamine hydrochloride (100 mg/mL, Aveco, Fort 
Dodge, lA) as a relaxant (i.p.). The rats were maintained 
under general gaseous anesthesia with FO2 = 33% (fraction 
of inhaled O2: 0.3 dm^/min O2, 0.6 dm^/min N2O, and 0.5% 
methoxyflurane [MF]; Pittman-Moore, Washington Cross- 
ing, NJ) using a small animal anesthesia unit. Hexafluoro- 
benzene (45 /jtL, Lancaster, Gainesville, FL), was deoxy- 
genated by bubbUng nitrogen for 5 min before use, and 
injected directly into the tumors using a Hamilton syringe 

(Reno, NV) with a custom-made fine sharp needle (32G). 
The HFB was deliberately deposited in both the central and 
peripheral regions of the tumors to ensure that the interro- 
gated regions would be representative of the whole tumor 
and for comparison with the oxygen electrode method. 
Generally, HFB was administered along two or three tracks 
in the form of a fan in a single central plane of the tumor 
sagittal to the rat's body. The needle was inserted manually 
to penetrate across the whole tumor and withdrawn ~1 mm 
to reduce pressure, and 3 /xL HFB was deposited. The 
needle was repeatedly withdrawn a further 2-3 mm and 
additional HFB was deposited. Each rat was placed on its 
side in a cradle with a thermal blanket to maintain body 
temperature. A fiber optic probe was placed in the rectum to 
monitor core temperature. 

Assessment of HFB distribution 
Magnetic resonance experiments were performed using 

an Omega CSI 4.7 horizontal bore magnet system with 
actively shielded gradients (Bruker Instrument Inc., Fre- 
mont, CA). A tunable (^H/^^F) single-turn solenoid coil (2 
or 3 cm in diameter matched to the tumor size) was placed 
around the tumor-bearing pedicle. Shimming was per- 
formed on the 'H signal (200.11 MHz) of the tissue water to 
a typical hnewidth of 115 Hz. Proton images were obtained 
for anatomic reference using a three-dimensional (3D) spin- 
echo sequence. Imaging parameters were: repetition time 
(TR) = 150 ms; echo time (TE) = 8 ms; pulse width TT/2 = 
32 ju-s with 128 X 64 X 8 data points over a 40 mm field of 
view in plane, and 40 mm thickness, providing 312 jam X 
624 fim X 5 mm digital resolution. Two transients were 
acquired at each phase-encoding increment, giving a total 
acquisition time of 2.5 min. The coil was retuned in place to 
188.27 MHz, and corresponding ^^F MR images were ob- 
tained as a 3D data set with 128 X 32 X 8 data points and 
gradients compensated for the difference in gyromagnetic 
ratios, yielding 312 ^im X 1.2 mm X 5 mm resolution. For 
^^F MRI, a driven-equihbrium sequence was applied with 
TR = 150 ms, TE = 8 ms, 17/2 = 50 jus excitation pulse and 
16 transients at each increment, giving a total accumulation 
time of 10 min for the 3D data set. Driven equilibrium both 
enhanced the efficiency of data acquisition and provided 
signal corresponding primarily to spin density. Data were 
processed using sine-bell apodization and zero filling in the 
first phase-encode dimension. 

Tumor oximetry 
FREDOM. Following conventional MR imaging, tumor 

oxygenation was estimated on the basis of '^F pulse burst 
saturation recovery (PBSR) EPI relaxometry of the HFB, as 
described previously (11). The ARDVARC (Alternated Rl 
Delays with Variable Acquisitions to Reduce Clearance 
effects) data acquisition protocol was appHed to optimize 
data quality. This approach provided PO2 maps with 1.25 
mm in-plane voxel resolution in 8 min with typically —50- 
150 individual p02 measurements (voxels per tumor). The 
spin-lattice relaxation rate [Rl (s"^) = 1/Tl] was estimated 
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Fig. 1. Immunohistochemical comparison of HI and MAT-Lu tumors. PCNA is detected in nucleus of tumor cells A 
representative HI tumor (A) with labeling index 15%, and a MAT-Lu (B) showing 40% positive index. Original magnification 
X lOl). 

m 
r 

on a voxel-by-voxel basis using a three-parameter monoex- 
ponential function, and pOj was estimated using the rela- 
tionship pOj (mm Hg) = (Rl-0.0835)/0.001876 (11). 
Three consecutive baseline pOj measurements were made 
over 24 min, while the rat breathed FOj = 33%. The 
inhaled gas was then sequentially altered to provide differ- 
ent inhaled FOj, although the MF concentration was main- 
tained constant at 0.5%. Inhaled gas was switched to 100% 
O2 and pOj maps were immediately acquired with no equil- 
ibration period. Five consecutive maps were acquired over 
40 min. The gas was then returned to baseline, followed by 
carbogen (95% ©2/5% COj), and finally, baseline again. In 
each case, gas was maintained for 40 min with five pOj 
determinations. The statistical significance of changes in 
oxygenation was assessed using an analysis of variance 
(ANOVA) on the basis of the Fisher's protected least sig- 
nificant difference (PLSD) test (Statview, SAS Institute, 
Gary, NC). Where appropriate, the Student's t test was 
applied. 

Electrode measurements. After MRI measurement, one 
representative rat from each tumor subline was selected for 
electrode measurement using a non-Clark style oxygen nee- 
dle electrode with a 0.7-mm-diameter tip (Product No. 
768-22, Diamond General, Ann Arbor, MI) linked to a 
Chemical Microsensor (Diamond General). Calibration was 
performed using saline solutions equilibrated with air, 
5% O2, and 100% nitrogen at 37°C. After calibration, the 
needle electrode was inserted into the tumor, while a 
reference electrode was placed rectally. The pOj values 
were obtained at varying depths in two parallel tracks. In 
total, five locations in each tumor were studied. At each 
location within the tumor, the respiratory challenge se- 
quence used for MRI was performed. After a change in 
inhaled gas, there was an equilibration period of 15 min 
and then pOj was recorded. 

Immunohistochemistry 
After MRI investigations, tumor tissues were surgically re- 

moved, fixed in 10% formalin for 24 h, and embedded in 
paraffin. Tissue sections (4 )u,m) were treated in boiling citrate 
buffer (0.1 M; pH 6.0) for 15 min and blocked in normal goat 
serum for 20 min. A primary antibody (1:50 dilution) against 
proliferating cell nuclear antigen (PCNA; BD Biosciences, San 
Diego, CA) was added and incubated overnight at 4°C in a 
humid box. Slides were then incubated with horseradish per- 
oxidase (HRP)-conjugated goat anti-mouse secondary anti- 
body (1: 100 dilution; Serotec, Raleigh, NC) for 1 h at 37°C. 
After a phosphate-buffered saline (PBS) wash, sections were 
immersed in the AEC substrate (3-amino-9-ethylcarbazole, 
Vector Laboratories, Inc., Burlingame, CA) for 15 min at room 
temperature. Finally, sections were counterstained with hema- 
toxylin and mounted with Universal Mount. The positive and 
negative labeled nuclei were counted under microscopy. In 
total, 10(X) nuclei were counted for each slide section; the 
labeling index was expressed as the percentage of positive cells 
for PCNA. 

RESULTS 

Histology shows distinctly different characteristics for the 
two sublines: the HI appears moderately well-differentiated 
with uniform sized tumor cells, pseudoglandular structures, 
and large vesicles (Fig. lA). By comparison, the MAT-Lu 
appears poorly differentiated with cellular and nuclear varia- 
tions in size and shape and no glandular structure (Fig. IB). 
PCNA immunostaining also shows a higher proliferation rate 
in the MAT-Lu than the HI tumors (Fig. 1). 

Hexafluorobenzene was readily observed by '^F MRI 
after direct intratumoral injection, as shown for representa- 
tive tumors in Fig. 2. Overlay of '^F signal on the corre- 
sponding 'H images indicates that HFB occurred in multiple 
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Fig. 2. MR images showing the distribution of hexafluorobenzene (45 jxL) in representative large R3327 Dunning 
prostate rat tumors. Upper: HI (3.5 cm^) and lower: MAT-Lu (3.8 cm^). Three contiguous slices showing '^F MRI signal 
density overiaid on the corresponding 'H MR slices. HFB was detected from approximately 8% of the HI and 6% of 
the MAT-Lu tumor, predominantly in one plane. Each slice was 5 mm thick with in-plane resolution of 312 X 624 /xm 
('H) or 312 X 1200 ;xm ("F). Bar represents 1 cm. 

discrete regions and was localized predominantly in the 
central slices with less signal in peripheral regions. In the 
series of EPI relaxation data sets, typically —50-300 voxels 
provided an Rl fit, and potential pOj value. Because even 
noise may give an apparent relaxation curve (Rl) fit, data 
were selected within a region of interest, and having Tl 
error < 2.5 s. With respect to respiratory interventions, only 
those voxels which provided consistently reliable data 
throughout all measurements were included for further anal- 
ysis. The number of such acceptable voxels ranged from 18 
to 84 per tumor. 

Figure 3 shows typical p02 maps of the selected regions 
obtained from the two tumors in Fig. 2. For the series of 23 
pOj maps obtained with various inhaled gases, 39 voxels in 
the HI tumor and 52 voxels in the MAT-Lu tumor were 
considered reliable. Oxygen tension changed significantly 
when the rats inhaled oxygen or carbogen. Dynamic 
changes in mean pOj accompanying respiratory challenge 
in these two tumors are shown in Fig. 4. For the HI tumor, 
mean basehne pOj = 20 ± 5 (± SE) mm Hg (median 
PO2 =11 mm Hg), increased significantly within 8 min of 
switching the inspired oxygen from FO2 = 33% to 100%, 
and the pOj reached 119 ± 10 mm Hg (p < 0.0001; median 

PO2 = 58 mm Hg) after 40 min. Return to 33% Oj produced 
a significant decline in pOj from the peak within 8 min, 
reaching a value of PO2 = 33 ± 3 mm Hg by 40 min 
(median p02 = 39 mm Hg). Challenge with carbogen 
likewise produced a significant increase in p02 within 8 min 
and by 40 min reached a value of 113 ± 13 mm Hg (p < 
0.0001; median pOj = 60 mm Hg). Again p02 declined 
significantly upon returning to FO2 = 33%. Baseline PO2 in 
the MAT-Lu tumor was lower (mean = 11 ± 1 mm Hg; 
median = 8 mm Hg). But as with the HI, p02 steadily 
increased over 40 min upon altering inhaled gas to oxygen 
or carbogen (mean = 30 ± 3 mm Hg, median =18 mm Hg; 
47 ± 4 mm Hg, median p02 = 23 mm Hg, respectively; 
p < 0.0001). However, the mean values were always sig- 
nificantly lower than those in the size-matched HI tumor 
ip < 0.0001). 

Data for small and large tumors in the HI and MAT-Lu 
sublines are pooled as histograms in Fig. 5 and summarized 
in Table 1. Using the pooled data, the small HI tumors had 
a mean baseline PO2 of 32 ± 1 mm Hg (median = 29 mm 
Hg), which was significantly greater than the larger HI 
tumors, which had a value of 14 ± 1 mm Hg (median = 7 
mm Hg; p < 0.0001). For the MAT-Lu subline, small 
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Fig. 3. pOj maps of selected regions from the tumors shown in Fig. 2 with respect to respiratory challenge. 39 voxels from 
the HI and 52 voxels from the MAT-Lu tumor were selected on the basis of consistently reliable data throughout all 
measurements. Maximum mean p02 increa,ses with respect to respiratory challenges were found 40 min after breathing 100% 
oxygen or carbogen in both of these two tumors. Arrows indicate hypoxic voxels with pOj < 10 mm Hg. 

tumors had a mean pOj of 25 ± 1 mm Hg (median = 23 
mm Hg), which was significantly greater than for the large 
MAT-Lu tumors (mean = 8 ± 1 mm Hg, median = 4 mm 
Hg; p < 0.(XX)1). Comparison of the pooled mean baseline 
pOj between the two sublines showed that both the small 
and large groups of MAT-Lu tumors had significantly lower 
mean pOj than the size-matched HI groups (p < 0.0(X)1; 
Table 1). All the tumors in the two sublines except one large 
MAT-Lu showed significant increases in global mean pOj 
with oxygen or carbogen inhalation (p < 0.(X)1). In six of 
the seven HI tumors and five of the eight MAT-Lu tumors, 
the maximum mean pOj values were observed while the 
rats breathed carbogen. Most interestingly, hypoxic frac- 
tion, specifically pOj < 10 mm Hg (HF,o), in the large HI 
tumors decreased from 59% to 24% with oxygen and to 
22% with carbogen inhalation, whereas in the large 
MAT-Lu tumors the final HF,o values were still over 37%. 
We also analyzed our pOj data by comparing the differ- 
ences in individual tumors as shown in Table 2. As with the 
pooled data, for both the HI and MAT-Lu tumors, the large 

tumors were significantly more hypoxic when breathing 
33% O2 than the smaller tumors (Table 2). When breathing 
oxygen or carbogen, the mean and median p02 increased 
significantly for both the small and large HI tumors. The 
HF,o was significantly reduced in the large HI tumors. For 
the MAT-Lu tumors, the only significant change was an 
increase in the mean and median pOj in the large tumors 
with carbogen inhalation. 

A major strength of the FREDOM approach is the ability 
to follow individual tumor regions. Thus, we selected those 
voxels from the baseline pOj maps, which were radiobio- 
logically hypoxic (pOj < 10 mm Hg) in all three baseline 
measurements (24 min), to assess the influence of respira- 
tory challenge. Inspection of the representative tumors in 
Fig. 3 shows that pOj increased significantly in the majority 
of the initially hypoxic voxels in the HI tumor (p < 0.01), 
whereas there was no significant response to oxygen or 
carbogen in the MAT-Lu. Data are summarized in Fig. 6. 

For comparison, the traditional polarographic method 
was performed on one tumor from each subline after the 



Oxygen dynamics in prostate tumors • D. ZHAO et al. 749 

33% 0, 

24 48 72 96 120 144 168    184   mins 

Time 

Fig. 4. Mean ± SE p02 obtained from sequential maps of the HI (O) and the MAT-Lu (■) tumors shown in Figs. 1 
and 2 with respect to respiratory challenge. *p < 0.001, **p < 0.0001 compared to mean baseline. 

NMR experiment (Fig. 7). All interrogated regions in the HI 
tumor, irrespective of baseline p02, showed a remarkable 
increase in p02 in response to oxygen or carbogen. How- 
ever, only the relatively well-oxygenated regions (>10 mm 
Hg) in the MAT-Lu responded. 

DISCUSSION 

The oxygen tension dynamics observed here demonstrate 
that response to gaseous intervention can be very different 
for sublines of a single parental tumor type. The relatively 
hypoxic regions of the well-differentiated HI subline re- 
sponded to elevated inhaled oxygen, whereas those of the 
undifferentiated MAT-Lu subline did not. Tumors of a 
given subline behaved consistently. 

In common with our previous investigations of the un- 
differentiated anaplastic Dunning prostate R3327-AT1 sub- 
line (VDT ~5 days) (10, 11), we found that the larger 
tumors of each subline were significantly more hypoxic than 
smaller ones (Tables 1 and 2). Indeed, this is a general 
observation across most experimental tumor types, based on 
observations using various oximetry techniques (17-21), 
although exceptions have been reported (22). In response to 
respiratory challenge with oxygen or carbogen, as we also 
reported for the ATI subline (11), for both the HI and 
MAT-Lu sublines the pooled data showed a significant 
increase in mean pOj, irrespective of tumor size. 

Under baseline conditions, the MAT-Lu tumors were 
significantly less well-oxygenated than the HI (Table 1). 
Large and small tumors responded to oxygen and carbogen, 
but MAT-Lu tumors consistently remained significantly less 
well-oxygenated than HI tumors. Further, the baseline ra- 
diobiologically hypoxic MAT-Lu voxels (<10 mm Hg) 

showed no significant increase in mean p02 (Fig. 6), a 
finding that coincides with our previous observations in the 
ATI tumor (11, 23). In contrast, initially hypoxic voxels in 
the HI showed a rapid, and highly significant, response to 
respiratory challenge. This observation was confirmed using 
the traditional oxygen electrodes (Fig. 7), and previously 
using the fiber optic OxyLite (Oxford Optronix, Oxford, 
UK) (24). Such remarkable differences in behavior surely 
reflect intrinsic differences in the vascular architecture and 
perhaps the metabolic rate. 

Previously, Eble et al. (13) compared oxygenation of the 
HI and undifferentiated ATI (VDT ~5 days) Dunning 
prostate sublines using the Eppendorf Histograph. As we 
report here, they found that the slower growing, better 
differentiated tumor was better oxygenated. Likewise, 
Chapman et al. (22, 25, 26) found that the well-differenti- 
ated H subline (VDT 20 days) was better oxygenated than 
the ATI, as assessed by the Eppendorf electrode or by 
indirect means such as misonidazole binding and ^'P NMR. 
By contrast. Thews et al. (27) reported that a better differ- 
entiated rhabdomyosarcoma subline (Fl) of the BA-HAN-1 
was slightly less well-oxygenated than an undifferentiated 
counterpart subline (G8). While Thews' results show the 
opposite trend with differentiation, it is important to note 
that the Fl and G8 sublines each grow relatively rapidly 
(VDT 2.5-3 days). In the series of Dunning prostate tumors, 
VDTs range from 2.7 days (MAT-Lu) to 5 days (ATI), 9 
days (HI), and 20 days (H). Comparing our current results 
with our own previous data from the undifferentiated ATI 
with ±e same anesthesia protocol (10) reveals that correla- 
tions of hypoxia and growth rate or level of histologic 
differentiation are not always straightforward. Previously, 
we reported that smaller vs. larger ATI tumors respectively 



750 I. J. Radiation Oncology • Biology • Physics Volume 53, Number 3. 2002 

0.4 

0.1- 

95% 0,/5% CO, 

I 
iHiliCililim4"iir. .,nCli 

100% O, 

I    I 

B) 0.7 

MAT-Lu 0.6 

0.5 

0.4 

0.3 H 

0.2 

0.1 

0 
0.7- 

&>  0.6- 

i   0.5 

<S   0.4 
u 

■%   0.3 

_J 
Baseline 33% O, 

iUUki ■n n-^-n 
<10 20    40     60     80     100    120   140>150 

pOjCmmHg) 

95% 0/5% CO2 

I 
rCIJ]^J]-n^„n   ^ n 

0.2 

0.1 

0 

0.7 

0.6H 

0.5 

0.4 

0.3 

0.2 

0.1-1 

0 

100%O, 

ikkki 
I 

CI<lirfl„n„J1 n n^-f 

Baseline 33% O, 

Mk nOnr. 
<10 20    40     60     80     100    120   140>150 

p02(imnHg) 

Fig. 5. Histograms of pooled pOj obseired by FREDOM for all 15 tumors with respect to respiratory challenge. (A) Seven 
HI tumors including 4 large (solid) and 3 small (open). (B) Eight MAT-Lu tumors including 4 large (solid) and 4 small (open). 
Lowest frame: Rats inhaled 33% Oj. Middle frame: Maximum value when rats inhaled 100% O,. Top frame: Maximum 
values when rats inhaled 95% 03/5% COj. Arrows indicate mean values in large (solid) and small tumors (open), respectively. 

had mean p02 = 39 vs. 3 toir, median pOj = 15 vs. 2 toir, 
and HF,o 44% and 82%. Thus, the ATI apparently is more 
hypoxic than the MAT-Lu even though it grows more 
slowly. We believe the most valuable observation is that for 
both ATI and MAT-Lu tumors, the initially hypoxic re- 
gions respond little to elevated oxygen inhalation, whereas 
the slower growing well-differentiated HI responds with a 
significant decline in HF,o. Thus, while growth rate and 
degree of differentiation each appear related to tumor oxy- 
genation, we find the most pronounced effect is on the 
oxygen dynamics with respect to intervention. 

In line with the observed VDT, histology using the pro- 
liferation marker PCNA showed a higher proliferation rate 
in the poorly oxygenated MAT-Lu than the relatively better 
oxygenated HI tumors. This result is in line with an in vitro 
study by Young et al. (28), who reported that hypoxia 
induced DNA overreplication. Likewise, Nordsmark et al. 
(29) reported that rapidly proliferating human soft tissue 
sarcomas from a clinical study were more hypoxic. Recent 

studies suggest that tumor hypoxia can enhance malignant 
progression and increase aggressiveness and metastasis (30, 
31). In terms of the Dunning prostate R3327 rat tumors, 
Peschke et al. (14) found higher bromodeoxyuridine (BrdU) 
labeling in the fast growing and anaplastic ATI subline 
compared with the slower growing and relatively well- 
differentiated H and HI sublines, which are relatively better 
oxygenated. However, some investigators have reported a 
lack of correlation between tumor oxygenation and prolif- 
eration in animals or patients (32). Future study regarding 
the relationship between these two factors is clearly needed. 

Several reports based on the Eppendorf Histograph sys- 
tem have now shown that the level of hypoxia is related to 
clinical prognosis. Hockel et al. (33) found better disease- 
free and overall survival for patients with cervical cancer 
when median pOj > 10 mm Hg. Other reports have indi- 
cated similar findings, although alternate threshold param- 
eters such as HF5 (hypoxic fraction < 5 mm Hg) or HFj 5 
(hypoxic fraction < 2.5 mm Hg) have been favored over 
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Table 1. Summary of the pooled pOj data in R3327 Dunning prostate rat tumor sublines* 

Size+ 

Baseline (33% O2) Oxygen challenge Carbogen challenge 

Tumor 
sublines 

PO2 (mm Hg) 

Mean ± SE    Median 

HF(%) 

< 10    <5 

mm Hg 

pOj (mm Hg) 

Mean ± SE    Median 

HF (%) 

< 10    <5 

mm Hg 

PO2 (mm Hg) 

Mean ± SE    Median 

HF(%) 

< 10    <5 

mm Hg 

HI 

MAT-Lu 

Small 
Large 
Small 
Large 

32 ± 1             29 
14 ± 1*             7 
25 ± 1«            23 

8 ± 1"            4 

24        16 
59       42 
30       21 
68       53 

75 ± 9"            39 
49 ± 4*"           26 
68 ± 5"            44 
22 ± 4«ll           9 

15         7 
24        13 
18        12 
52       43 

148 ±12™        111 
53 ± 4*"           38 
63 ± 5«"           46 
28 ± 4«"          18 

16         5 
22         8 
21        15 
38       33 

Abbreviation: HF = hypoxic fraction. 
*The average number of voxels used to determine the mean and median PO2 values for each gas was 198 for the small HI tumors, 226 

for the large HI tumors, 229 for the small MAT-Lu tumors, and 148 for the large MAT-Lu tumors. These measurements reflect tumor size 
and tissue types irrespective of individual tumor, and indicate intratumoral heterogeneity. 

^ Small: volume < 2 cm^; Large: volume > 3.5 cm^. 
*p < 0.0001 from small. 
«p < 0.0001 fromffl. 
lip < 0.0001 from baseline. 
^p < 0.0001 from oxygen. 

median value as a prognostic threshold (34, 35). Based on 
such findings, prospective clinical trials may now use p02 
measurements for individual therapy planning. Clearly, the 
ability to differentiate those patients with well vs. poorly 
oxygenated tumors would be important in itself, but an even 
more powerful capability would be to assess the heteroge- 
neity of the tumors and to determine whether hypoxic 
regions (voxels) are capable of responding to oxygen or 
carbogen. 

There is increasing evidence suggesting that tumor me- 
tastasis may be associated with a hypoxic microenviron- 
ment (30, 31). An in vivo experimental study by Jaeger et al. 
showed that hypoxic murine KHT-C tumors are more likely 
to metastasize (36). Many clinical studies have also dem- 
onstrated a positive relationship between the presence of 
hypoxia and poor outcome associated with malignant pro- 
gression and metastasis in several cancers, e.g., advanced 
squamous cell carcinoma of the cervix (33, 37), sarcomas 
and carcinomas from head, neck, and soft tissue (38). A 
hypoxic microenvironment is reported to induce increased 

expression of a group of genes, e.g., VEGF (vascular endo- 
thehal growth factor), PAI-1 (plasminogen activator inhib- 
itor-!), and p53, which are associated with an increased 
malignant phenotype (39-42). 

The clinical progression of prostatic cancer among pa- 
tients remains by and large unpredictable. In some patients, 
the cancer metastasizes rapidly, killing the patient in less 
than a year, whereas in other patients the disease may 
remain localized for many years (43). Knowledge of the 
etiologic factors and biologic properties that predispose 
cells to mahgnant transformation remains essentially un- 
known (44). Thus, research that reveals factors, either tem- 
poral or causal, which can be linked to the onset of a 
metastatic potential, would surely be of great value. For 
instance, Movsas' study (45) using the Eppendorf Histo- 
graph reported that increasing levels of hypoxia were re- 
lated to increasing clinical stage of human prostate carcino- 
mas. This finding may simply support our findings, relating 
increasing size to greater tumor hypoxia. In the present 
study, we chose to compare the moderately well-differenti- 

Table 2. Comparison of PO2 data in individual R3327 Dunning prostate rat tumors* 

Tumor Size+ No. Baseline (33% Oj) Oxygen challenge Carbogen challenge 
subline 

PO2 (mm Hg) HF (%) 

< 10       < 5 

pOj (mm Hg) HF (%) 

< 10        <5 

pOj (mm Hg) HF (%) 

< 10      <5 

Mean ± SE Median mm Hg Mean ± SE    Median mm Hg Mean ± SE     Median mm Hg 

HI Small 3 39 ± 11 38 ± 15 15±3    11±4 106 ± 40«    68 ± 42 6±3      5±3 163±64«    112 ±10^ 5±3      3±3 
Large 4 13 ±3* 7 ±2* 53 ±4*  40 ± 3* 54 ±14*    36 ±11 20 ±9^   14±4« 58 ± 12«      41 ± 15^ 15 ± 8*   10 ± 4 

MAT- Small 4 24 ±4 20 + 5 23 ± 8    17 ± 7 60 ±19     45 ± 20 14 ±6     11 ±6 59 ± 7         40 ± 14 14 ± 8    10 ± 5 
Lu Large 4 8± 1* 4+1* 58 ±7*   51 ± 8* 27 ± 6        19 ± 7 40 ± 11   36 ± 10 43 ± 17^      39 ± 20* 34 ± 8    29 ± 6 

Abbreviation: HF = hypoxic fraction. 
* These data reflect individual tumors and provide an indication of intertumoral heterogeneity. 
'' Small: volume < 2 cm^; Large: volume > 3.5 cm^. 
*p < 0.05 from small. 
^ p < 0.05 from baseline. 
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Fig. 6. Mean ± SE pO, in all the hypoxic voxels (<10 mm Hg) from each tumor in Fig. 2 with respect to respiratory 
challenge. Significant increases in mean pOj of the 7 hypoxic HI (O) voxels in response to 100% O, or 95% 0,/5% COj 
challenge (,*p < 0.05; **p < 0.01). No increase was ob.served in mean pO, of the 10 hypoxic MAT-Lu (■) voxels. 

ated HI and poorly differentiated and highly metastatic 
MAT-Lu sublines, both derived from Dunning R3327 pros- 
tatic tumor (15), to investigate the extent of hypoxia. This 
study was not designed to investigate the correlation be- 
tween hypoxia and tumor malignant progression, but clearly 
there is a need for further investigation to separate the 
phenotypic characteristics of differentiation, growth rate, 
and metastatic tendency. We propose to undertake further 
studies comparing the Dunning prostate AT2.1, AT6.3, and 
G sublines (4) to test these issues. 

Many experimental and clinical studies have demon- 
strated that reoxygenation of hypoxic tumor cells contrib- 
utes to improved radiation sensitivity for tumor therapy (46, 
47). Therefore, how this population of cells responds to 
respiratory challenge is particularly important. If the find- 
ings we present here are confirmed in prostate cancer pa- 
tients, it would suggest therapeutic value of monitoring 
tumor ba.seline and dynamic p02. Tumors like the HI can be 
modulated and might be expected to show improved re- 
sponse to radiotherapy with oxygen or carbogen inhalation 
before therapy; in tumors like MAT-Lu one might expect 
little advantage, indicating a need for an alternative ap- 
proach. 

In recent clinical trials, carbogen has been favored over 
oxygen, as an adjuvant intervention to enhance radiother- 
apy. Here, except in the small HI tumors, which exhibited 
significantly higher mean pOj in response to carbogen than 
oxygen, we have found no significant difference between 

the two gases, in terms of pOj values and hypoxic fraction. 
A recent report by Hartmann et al. (48) showed that hyper- 
baric oxygen, but not carbogen, significantly increased the 
median pOj, leading to better radiation response in the 
rhabdomyosarcoma RIH. Further studies will be required to 
validate this observation, including reversing the order of 
administered gases, since a conditioning effect could have 
been generated here. We also note that changes in pOj were 
still occurring at 40 min, when we ceased our interventions 
here (Fig. 4). Others have reported a differential response to 
oxygen or carbogen in clinical gynecological tumors, where 
inhalation of either gas elevated median and mean pOj, but 
only carbogen was effective at eliminating the hypoxic 
fraction (49). Such an observation was also reported for 
human glioma xenografts (50). Others have reported that 
response can depend on tumor type and site of implantation 
(51). In some cases, vasoactive agents have been shown to 
have differential activity against small and large tumors; 
e.g., angiotensin II led to reduced pOj in small DS-sarcomas 
(0.75 cm^), but increased pOj in larger tumors (1.8 cm^) 
(21). This was attributed to the relative role of preexisting 
host vessels vs. newly formed vessels lacking innervation 
and a responsive musculature. Here, in the HI tumor, we see 
that carbogen was equally effective in small or large tumors, 
consistent with the highly differentiated morphology and 
well-developed va.sculature. Data obtained for the HI tumor 
here are very similar to results obtained previously with this 
tumor subline when rats were breathing an alternative an- 
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Fig. 7. Electrode measurements of pOz in one large tumor from each subline. pOj values in five locations in each tumor 
were measured with respiratory challenge. pOa in all the locations in the HI (O) tumor increased remarkably with 100% 
O2 or carbogen. In the MAT-Lu (■) tumor, regions with initial pOj > 10 mm Hg responded significantly, whereas those 
relatively hypoxic did not. 

esthetic (isoflurane in air) (24). The extensive heterogeneity 
within tumors emphasizes the importance of an imaging 
approach to examining differential oxygen dynamics. Here, 
we have used an oxygen electrode to validate the magnitude 
of changes observed in tumors, and previously we have 

shown that observation based on optical fiber probes (Oxy- 
Lite) also gave consistent data (24). 

Comparison of repeat measurements with respect to acute 
interventions is predicated on reproducibility. We have pre- 
viously shown that individual baseline PO2 measurements 
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are usually stable for at least 1 h (10, 52). It has also been 
shown that pOj distributions in tumors are stable over 
several hours even with respect to repeat anesthesia epi- 
sodes and movement of the rats out and back into an MRI 
system (53). We have, however, noted that HFB clears from 
tumors with a typical half-life of 600 min, and thus, we 
apply the ARDVARC data acquisition protocol to minimize 
any systematic errors in pOz measurements during the 
8-min acquisition period. We have shown that there is little 
macroscopic redistribution over a period of 2.5 h (12). 

In agreement with most reports on tumors implanted in 
rats or mice, we have found that large tumors are signifi- 
cantly more hypoxic. Some clinical studies have failed to 
show such a correlation. Our recent results (24) from a 
series of HI tumors, which we followed chronologically for 
a period of weeks with respect to increasing size, showed a 
catastrophic fall in pOj at some stage between 1 and 2 cm^. 
Beyond this size, tumors remained poorly oxygenated. We 
note that most clinical tumors are much larger, usually >5 
cm^ and sometimes reaching 50 to 100 cm^ and they may 
therefore already be at a low pOj plateau. We note that 
some clinical studies have shown a correlation between size 
and oxygenation (34, 54, 55) and Movsas et al. (45) using 
the Eppendorf Histograph reported a correlation between 
hypoxia and tumor stage in the prostate. 

Limited ketamine (200 ^lL) was given to each rat i.p. as 
a relaxant before MR studies. It has been reported that 
ketamine does not affect mean arterial pressure, heart rate, 
or cerebral artery blood flow (56). However, methoxyflu- 
rane may cause a depression of respiration, tumor blood 
flow, and heart rate (57). Anesthesia is required to minimize 
stress and ensure no movement during imaging procedures. 
Immobilized tumors are vital to allow sequential correlation 
of specific tumor regions during investigations. Because all 
rats received the same constant level of anesthesia, we 
believe that it does not compromise or bias our observations 
and comparison of different tumor types. Recently, we have 
switched to isoflurane (24), which may be less vasoactive 
(57), but we find that HI tumors behave similarly with 
respect to either anesthesia. 

Although we have thus far limited our application of the 
FREDOM approach to fundamental questions of tumor bi- 
ology in animals, we believe the technique is ready for 
translation to the clinic. HFB is readily available, exhibits 
remarkably low toxicity, and could be easily administered 
to tumors on or near the surface of the body. FREDOM is 
analogous to use of the Eppendorf Histograph in terms of 

inserting a needle into a tumor, although our needle is 
considerably finer and no further needle insertion is required 
for repeated measurements when taken over the next few 
hours. In terms of patient compliance, Aquino-Parsons etal 
(49) have already used the Eppendorf Histograph for up to 
three repeat measurements with respect to respiratory inter- 
ventions in women with cervical cancer. FREDOM does 
involve sampling a limited region of the tumor by injection 
of the HFB reporter. However, we have previously shown 
that pOj distributions are similar to those achieved with the 
Eppendorf Histograph (10). Appropriate injection protocols 
are required to avoid bias, although for dynamic studies, as 
presented here, this is less important because each voxel 
serves as its own control. 

To avoid violating the tumor itself, we have previously 
tested i.v. administration of perfluorocarbon emulsions as 
reporter molecules (58). However, we and others (58-60) 
showed that measurements are biased toward well-perfused 
tumor regions. Histology can be applied to intrinsic markers 
of hypoxia (61, 62), but this requires biopsy. Moreover, 
sampling is still involved both in terms of selecting the 
biopsy site and then choosing representative tissue slices 
and microscopic fields. Thus, we believe that FREDOM is 
competitive with many current or proposed invasive clinical 
techniques. While we believe that FREDOM is very valu- 
able for animal research and has great potential in the clinic, 
we are nonetheless also investigating alternative approaches 
to measuring tumor oxygenation (63, 64). The BOLD ap- 
proach (9) is very appealing, providing rapid noninvasive 
images, but quantitative measurements of signal dynamics 
provide only a qualitative indication of tumor oxygenation; 
much research remains to be done to relate the observed 
signal changes to therapeutic outcome. Near-infrared ap- 
proaches can also interrogate tumor vasculature noninva- 
sively, but hitherto, they have been limited to global obser- 
vations, providing an indication of average tumor vascular 
oxygenation only (63). 

In conclusion, we have demonstrated that, in comparison 
with the HI tumor, the faster growing and poorly differen- 
tiated MAT-Lu subline of the Dunning R3327 tumor is 
significantly more hypoxic and the level of hypoxia in- 
creases in both sublines with increasing size. Most signifi- 
cantly, we have demonstrated that two tumors derived from 
the same original parental tumor respond differently to an 
intervention. This emphasizes the need to assess individual 
tumors in the clinic in order to optimize a therapeutic 
regime. 
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Our previous studies have shown that oxygen inhalation 
significantly reduces tumor hypoxia in the moderately well- 
differentiated HI subline of the Dunning prostate R3327 rat 
carcinoma. To test our hypothesis that modifying hypoxia 
could improve the radiosensitivity of these tumors, we per- 
formed experimental radiotherapy to compare the tumor 
response to ionizing radiation alone or in combination with 
oxygen inhalation. Tumor pO^ measurements were per- 
formed on size-selected tumors several hours before radio- 
therapy using "F nuclear magnetic resonance echo planar 
imaging relaxometry (FREDOM) of the reporter molecule 
hexafluorobenzene. In common with our previous findings, 
the larger tumors (>3.5 cm^) exhibited greater hypoxia 
than the smaller tumors (<2 cm^; P < 0.001), and oxygen 
inhalation reduced the hypoxic fraction (<10 Torr): In the 
larger tumors, hypoxic fraction dropped significantly from 
a mean baseline value of 80% to 17% (P < 0.001). The 
effect of oxygen administered 30 min before and during 
irradiation on tumor response to a single 30-Gy dose of 
photons was evaluated by growth delay. For the smaller 
tumors, no difference in growth delay was found when 
treatment was given with or without oxygen breathing. By 
contrast, breathing oxygen before and during irradiation 
significantly enhanced the growth delay in the larger tu- 
mors (additional 51 days). The differential behavior may be 
attributed to the low baseline hypoxic fraction (<10 Torr) 
in small tumors (20%) as a target for oxygen inhalation. 
There was a strong correlation between the estimated initial 
PO2 value and the radiation-induced tumor growth delay 
(R > 0.8). Our histological studies showed a good match 
between the perfused vessels marked by Hoechst 33342 dye 
and the total vessels immunostained by anti-CD31 and in- 
dicated extensive perfusion in this tumor line. In summary, 
the present results suggest that the ability to detect modu- 
lation of tumor pOj, in particular, the residual hypoxic 
fraction, with respect to an intervention, could have prog- 
nostic value for predicting the efficacy of radiotherapy.    © 
2003 by Radiation Research Society 

INTRODUCTION 

It is recognized that measurement of pretreatment tumor 
oxygenation can have prognostic value (1-3) and that in- 
creased tumor /7O2 promotes radiosensitivity (4, 5). Many 
adjuvant interventions have been tested to manipulate tu- 
mor oxygenation to improve the response to radiation, e.g. 
normobaric or hyperbaric oxygen breathing, carbogen alone 
or combined with nicotinamide, infusion of blood substi- 
tutes, and hemoglobin-oxygen affinity modifiers (3, 6). 
While the beneficial effects of such modifiers have some- 
times been translated from animal to clinical studies (7, 8), 
many clinical trials have failed to show therapeutic benefit 
(9). This has often been attributed to the inability to identify 
the cohort of patients who would benefit from adjuvant in- 
tervention (3). Therefore, accurate evaluation of pretreat- 
ment tumor oxygenation and its response to adjuvant in- 
tervention may allow therapy to be tailored to individual 
characteristics. To date the Eppendorf histograph has been 
the most widely used technique to measure tumor pO^ in 
both experimental and clinical studies, and disease-free sur- 
vival has been correlated with hypoxia in studies of cervical 
cancer (1, 2) and head and neck cancer (10-12). The Ep- 
pendorf histograph has been considered by some as a "gold 
standard" for /7O2 measurement, but it is impractical for 
use in longitudinal studies of specific regions of interest. 
Longitudinal imaging studies with respect to intervention 
have been performed in experimental superficial tumors, 
e.g. window chamber models, but investigations of deeper 
tissues have been relatively elusive. Historically, electrodes 
(13), or more recently fiber optic probes (14) or electron 
spin resonance (15), have been applied to examine dynamic 
changes at a few (one to four) limited locations. Blood 
oxygen level-dependent (BOLD) contrast proton MRI is a 
noninvasive technique to assess tumor vascular oxygena- 
tion and heterogeneity in response to intervention, but the 
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method does not provide pOj values and interpretation may 
be complicated by flow (76). 

We have established an MRI approach to measure tumor 
oxygen tension quantitatively at multiple locations simul- 
taneously: FREDOM (fluorocarbon relaxometry using echo 
planar imaging for dynamic oxygen mapping) with hexa- 
fluorobenzene (HFB) as a reporter molecule {17, 18). This 
technique allows us to assess baseline pO^ at multiple spe- 
cific locations simultaneously within a tumor and also to 
follow dynamic changes in response to interventions. Our 
previous work {19, 20) using FREDOM showed differential 
size-related oxygenation of the relatively slowly growing, 
moderately well-differentiated Dunning prostate R3327 HI 
rat tumor. Most importantly, we found that oxygen inhala- 
tion significantly decreased tumor hypoxia in the HI tumor 
irrespective of baseline hypoxia. Thus the HI tumor ap- 
peared to be an ideal model to test whether our measure- 
ments of tumor oxygen dynamics could be correlated with 
therapeutic outcome. 

METHODS 
Experiments were reviewed and approved by the Institutional Animal 

Care and Research Advisory Committee at UT Southwestern. 

Tumor Model 

Syngeneic Dunning prostate R3327-HF tumors, a moderately well-dif- 
ferentiated and relatively slowly growing subline with a tumor volume 
doubling time (VDT) of 9 days {21, 22), were originally obtained from 
Dr J. T. Isaacs, Johns Hopkins University. Tumors were implanted in 
surgically formed skin pedicles on the foreback of adult male Copenha- 
gen-2.331 rats (Harlan, Indianapolis, IN; -250 g), as described in detail 
previously (23). Thirty-six tumors were grouped at the time of initial 
mea.surement as 16 smaller tumors (<2 cm'; mean == 1.4 ± 0.1 cm') 
and 20 larger tumors (>3.5 cm'; mean = 6.4 ± 0.7 cm'). 

Tumor Oximetry—FREDOM 

Four small tumors and six larger tumors were used for MRI studies, 
which were performed as described in detail previously (19). Briefly, each 
rat was given 200 |xl ketamine hydrochloride (100 mg/ml, Aveco, Fort 
Dodge, lA) as a relaxant (i.p.) and maintained under general gaseous 
anesthesia [air and 1.3% isoflurane (Baxter International Inc., Deerfield, 
IL)]. Hexafluorobenzene (50 JJLI: Lancaster, Gainesville, FL) that had been 
deoxygenated by bubbling nitrogen for 5 min before use was injected 
directly into the tumors using a Hamilton syringe (Reno, NV) with a 
custom-made fine sharp needle (32 gauge). The HFB was deliberately 
deposited in both the central and peripheral regions of the tumors to 
ensure that the interrogated regions would be representative of the whole 
tumor Generally, HFB was administered along two or three tracks in the 
form of a fan in a single central plane of the tumor sagittal to the rat's 
body. Each animal was placed on its side in a cradle with a thermal 
blanket to maintain body temperature. 

Magnetic resonance experiments were performed using an Omega CSI 
4.7 horizontal bore magnet system with actively shielded gradients (Bru- 
ker Instrument Inc., Fremont, CA). A tunable ('H/"F) single turn solenoid 
coil (2 or 3.5 cm in diameter matched to the tumor size) was placed 
around the tumor-bearing pedicle, and 'H (200.1 MHz) and '"F (188.3 
MHz) images were obtained using three-dimensional (3D) spin-echo se- 
quences to reveal the distribution of HFB within the tumors. After con- 
ventional MR imaging, tumor oxygenation was estimated using FRE- 
DOM on the basis of "F pulse burst saturation recovery echo planar 

imaging (EPI) relaxometry of the HFB (18). pO, maps with 1.25 mm in- 
plane voxel resolution were obtained in 8 min. The spin-lattice relaxation 
rate [Rl(s - 1) = 1/Tl] was estimated on a voxel-by-voxel basis using 
a three-parameter monoexponential function, and pO, was estimated us- 
ing the relationship/JO, (Torr) = (Rl - 0.0835)70.001876 (18). Typi- 
cally, — 100-300 voxels provided an Rl fit and potential/?0, value. Since 
noise itself may give an apparent relaxation curve (Rl) fit, data were 
selected within a region of interest, with a Tl error <2.5 s and a ratio 
Tl err/Tl <505'r. Only those voxels that provided consistently reliable 
data throughout the measurements were included for further analysis. For 
nine of the ten tumors, the number of such acceptable voxels ranged from 
35 to 150 per tumor Images from tumor no. 8 showed some motion 
artifacts, and the requirement for continuously good fits in each voxel 
throughout the study was relaxed for this data set. Three consecutive 8- 
min baseline pO, measurements were made in 24 min. while the rat 
breathed air (FO, = 21%). Four representative animals (one with a small 
tumor) also underwent respiratory challenge using 100% O,, and fivepO, 
maps were acquired over 40 min. 

Radiation Experiments 

Several hours after the MRI measurements, the irradiation was per- 
formed with anesthetized rats breathing air or oxygen and 1.3% Lsoflur- 
ane. The TCD,,, for the HI tumors was reported to be about 50 Gy (22), 
and we chose to use a single dose of 30 Gy. The 30-Gy dose was given 
at a rate of 2 Gy/min using a 4 MV Varian Clinac 4/100 linear accelerator 
Five rats from the small tumor group and seven from the larger tumor 
group breathed oxygen 30 min prior to and during irradiation, while the 
same number of rats in each group breathed air To avoid possible arti- 
facts, the four rats used for the FREDOM pO. study were part of the 
group to receive oxygen during irradiation. A treatment plan was de- 
signed to irradiate only the tumors and bolus material was used to im- 
prove dose uniformity. Control groups without irradiation consisted of 
six rats each for the small and large tumor groups. Tumor sizes were 
measured every 3-7 days using calipers and the volumes were calculated 
using the formula: volume = IT/6 ahc. where a. b and c are the three 
respective dimensions. Treatment response was evaluated on the basis of 
tumor growth, which was determined from the time (T,) required for each 
tumor to reach two times the treatment volume (V„). 

Markers of Vascular Endothelium and Perfusion 

The blue fluorescent dye Hoechst 33342 (Molecular Probes. Eugene. 
OR) was injected into the tail vein of three anesthetized rats bearing large 
tumors at a concentration of 10 mg/kg in 0.9% saline (0.1 ml), and the 
tumors were excised 1 min later Tumor specimens were immediately 
immersed in liquid nitrogen and then stored at -80°C. Immediately after 
cryostat sectioning (6 \x.m thick), slices were imaged for Hoechst 33342 
under UV light (330-380 nm). On the following day. the same slices 
were immunostained for the endothelial marker, CD31. Tissue sections 
were fixed in acetone for 5 min and then washed in phosphate-buffered 
saline (PBS) for 10 min. A primary mouse anti-rat CD31 monoclonal 
antibody (1:20 dilution: Serotec, Raleigh, NC) was added and samples 
were incubated for 2 h at 37°C in a humid box. Slides were then incubated 
with horseradish peroxidase-conjugated goat anti-mouse secondary anti- 
body (1:50 dilution; Serotec) for 1 h at 37°C. After a wash in PBS. 
sections were immersed in the AEC substrate (3-amino-9-ethylcarbazole, 
Vector Laboratories, Burlingame, CA) for 15 min at room temperature. 
Finally, sections were counterstained with hematoxylin and observed un- 
der light microscopy. For fluorescence staining, after 2 h incubation with 
the primary anti-CD31 antibody, slides were incubated with FITC-con- 
jugated goat anti-mouse secondary antibody (1:100 dilution; Jackson Im- 
munoresearch Laboratories, West Grove, PA) for I h at 37°C. After 
mounting with Vectorshield® medium (Vector Laboratories), the slides 
were observed under green fluorescence (450-490 nm excitation). Mi- 
crovascular density (MVD) was evaluated using the "hot spot" technique 
described by Weidner et al. (24). The five most vascularized areas in each 
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FIG. 1. Immunohistochemical comparison of perfused vessels marked by Hoechst dye 33342 and total vessels detected by anti-CD31. Panel a: 
Fluorescent image showing extensive distribution of vascular endothelium (green) in a representative large HI tumor (4.5 cm'). Panel b: The perfused 
blood vessels marked by blue Hoechst dye in the same region. Panel c: Superimposition of panel b on panel a showing a good overlap between the 
total vessels (anti-CD31) and the perfused vessels (Hoechst dye). Panel d: Light microscope image showing distribution of vascular endothelium stained 
by anti-CD31 (pink). 

tumor were selected under low-power magnification (4X). MVD was 
determined by counting the total number of positive CD31-staining cells 
under high-power magnification (lOX; area 0.318 mm^) and calculating 
the average number/mm^. 

Statistical Analysis 

The statistical significance of changes in oxygenation was assessed 
using an analysis of variance (ANOVA) on the basis of Fisher's protected 
least significant difference (PLSD), and the statistical analysis of regres- 
sion was based on regression and bivariate plots (Statview, SAS Institute 
Inc., Cary, NC). Kaplan-Meier hazard statistics (Breslow-Gehan-Wilcox- 
on rank test) were appUed to test the differences in times required for 
tumor growth to two times (Tj) the initial volume at time of treatment. 
Hypoxic fractions in all the tumors were calculated from the data on 
oxygen tensions in individual voxels in each pO, map. These are pre- 
sented as HFj (fraction of voxels with pOj < 5 Torr) and HF,o (fraction 
of voxels with pO-^ < 10 Torr). 

RESULTS 

Histology shows that the HI tumor is moderately well- 
differentiated with uniformly sized tumor cells and pseu- 

doglandular structures. Anti-CD31 immunostaining showed 
extensive distribution of vascular endothelium (Fig. la and 
d) and a mean MVD = 188 ± 11 (SEVmrn^. Comparison 
of the perfused vessels marked by Hoechst 33342 dye with 
the vessels immunostained by anti-CD31 in the same region 
indicated extensive perfusion (Fig. la and b) and a good 
correlation (Fig. Ic). 

Overlay of ''F images on 'H images (not shown) con- 
firmed that HFB was distributed widely, as reported pre- 
viously {19), but was predominantly in a central slice. An 
HFB signal was detected from 45 ± 8% of the slice area 
for the small tumors and 13 ± 2% for the larger tumors. 
The difference in HFB signal distribution between the small 
and larger tumors is commensurate with the difference in 
tumor size given that the same amount of HFB (50 jxl) was 
injected in all tumors irrespective of size. Figure 2 shows 
a typical map of 'T NMR signal amplitude together with 
the corresponding Tl and Tl error maps and derived pOj 
map for a representative large tumor (no. 10). The back- 
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FIG. 2. Maps obtained using tlie FREDOM approach from a representative large Dunning prostate R3327-HI tumor (9.5 cm'). Panel a: "F NMR 
signal intensity; panel b: spin lattice relaxation times (TI); panel c: estimated errors in Tl; and panel d: pO, values. Black squares show regions where 
signal to noise or data quality was so poor that it did not provide a Tl curve fit. Gray voxels show regions that provided a curve fit, but where the 
uncertainty in the data exceed our criteria (i.e. Tlerr > 2.5 s or Tlerr/Tl > 50%). All colored voxels provided a curve fit within the acceptance 
criteria in this map, but only those voxels within the white regions of interest provided consistently high-quality data throughout the sequence of eight 
maps acquired during baseline and with oxygen breathing. Further analysis is shown in Fig. 3 

ground had a signal amplitude of about 14,000 and the 
voxels providing reliable pO^ measurements generally had 
a signal amplitude in excess of 300,000, providing a min- 
imum signal-to-noise ratio exceeding 20. pOi maps of the 
selected regions obtained from this large tumor with respect 
to oxygen challenge are shown together with curve fits of 
selected voxels in Fig. 3. While the animals were breathing 
air (baseline), the tumor exhibited extensive hypoxia, with 
46 of 50 regions (voxels) having pO, values less than 10 
Torr. After 40 min of oxygen inhalation, the initially hyp- 
oxic regions became well oxygenated and only one voxel 
remained hypoxic (~5 Torr). 

Baseline /JO, distributions obtained from the tumors ex- 
amined by MRI [four small (363 voxels) and six large (456 
voxels) tumors] are presented in Table 1. The small tumors 
had a mean baseline pO, = 29.4 ± 3.2 Torr, with a median 

of 24.6 ± 3.4 Torr and mean hypoxic fractions of 10 ± 3 
and 20 ± 3% for HF5 and HFK,, respectively. In compari- 
son, the larger tumors had mean pO, values 3.6 ± 1.5 Torr 
and median values of 1.3 ± 0.9 Torr, with HFj and HF.o 
of 65 ± 5% and 77 ± 4%, respectively. In agreement with 
our previous studies (79, 20), the larger tumors had signif- 
icantly lower mean /^O^'s and higher hypoxic fractions (P 
< 0.01) compared to the small tumors. One of the four 
small tumors and three of the six large tumors were sub- 
jected to a 40-min oxygen challenge; the resulting dynamic 
changes in mean pOj and hypoxic fraction (HF,o) are 
shown in Table 1 and Fig. 4. Baseline pO, (mean = 31.0 
± 2.5 Torr; median = 30.0 Torr) in the small tumor in- 
creased significantly within 8 min of switching the inspired 
gas from air to oxygen and reached 180 ± 16 Torr (P < 
0.0001; median pO, = 177 Torr) after 40 min. All three 
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FIG. 3. pOj maps (middle row) showing regions of interest from the tumor in Fig. 2, together with Tl curve fits of selected voxels. Left: third 
baseline map (breathing air: FO^ = 21%): mean pO^ = -1.4 ± 0.6 (SE) Torr, median pO^ = -1.3 Torr. Right: breathing oxygen (FOj = 100%): 
fifth map obtained 32-40 min after switching from air: meanpOj = 110 ± 10 Torr (P < 0.0001 compared to baseline), median pOj = 89 Torr. Since 
the pOj values have very different ranges, separate color scales have been apphed. Curve-fitting data are shown for representative voxels and the 
signal-to-noise ratios quoted for the data points at longest delays, a) baseline Tl = 11.6 ± 0.6 s, signal-to-noise ratio = 44 (white) and the challenged 
Tl = 2.4 ± 0.2 s (pink), corresponding to pO^ = 1.3 and 177.2 Torr. Panel b: baseline Tl = 12.5 ± 0.3 s, signal-to-noise ratio = 84, pO^ = -1.9 
and challenge Tl = 8.6 ± 0.3 s, pO^ = 17.9 Torr. Panel c: baseline Tl = 11.6 ± 0.5 s, signal-to-noise ratio = 39, pOj = 1.5 Torr and challenge Tl 
= 7.0 ± 0.8 s, pO^ = 31.2 Torr. Panel d: baseUne Tl = 10.2 ± 0.7 s, signal-to-noise ratio = 20, pO^ = 7.9 Torr; the challenge Tl = 2.4 ± 0.5 s, 
pOj = 178.8 Torr. 

large tumors had lower baseline pOj (range from — 1.7 to 
5.2 Torr), but the pOj increased significantly, with a max- 
imum mean for the three of 102 ± 7 Torr and a median of 
71 Torr (Table 1 and Fig. 4). One large tumor reached a 
maximum /JOJ at 24 min, while the pOj continued to rise 
for the other two through the 40 min (Fig. 4a). Oxygen 
breathing significantly reduced the HFj from 8 to 2% and 
the HF,o from 19% to 4% in the small tumor. In the three 
larger tumors, the HFj and HFK, were significantly reduced 
from 71 ± 9% and 80 ± 8% to 11 ± 5% to 17 ± 7% (P 
< 0.01; Table 1 and Fig. 4b). 

Table 2 summarizes tumor growth delay after irradiation 
alone or in combination with oxygen breathing. Sham-ir- 
radiated small control tumors on rats breathing air needed 

a mean of 7.2 (median 7) days to reach two times (T2) the 
treatment volume (VQ). Treatment with radiation alone 
lengthened the Tj to a mean of 38.8 ± 9.0 days (median 
= 28 days), which was not different from the 36.4 ± 6.7 
days with radiation plus oxygen (median = 30 days). For 
the large tumors, with radiation alone, the T2 was a mean 
of 30.9 ±5.5 days (median = 31 days) compared to a 
mean of 16.7 ±1.3 days (median = 16 days) in the control 
tumors (P = 0.06). For large tumors, rats that breathed 
oxygen 30 min prior to and during irradiation had a sig- 
nificantly increased Tj of 81.9 ± 14.6 days (median = 77 
days, P < 0.01). The addition of oxygen produced an en- 
hanced growth delay, with a T^ ratio of 2.7 (81.9/30.9) 
compared to radiation alone (P < 0.01; Table 2). The Kap- 
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TABLE 1 
pOj Measurements and Outcome of Irradiation 

Baseline breathing air (21% 0,) Oxygen challenge (100% 0,) 

Rat 
no. 

po, (Torr) HF, HF,„ pO, (Torr) HF, HF,„ 

Treatment 
T, 

(days) Group Mean" ± SE Median" Mean" ± SE (%) Mean + SE Median Minimum (%) 
Small 1 21.7 ± 1.3 16.2 14 ± 4 26 ± 5 NA NA NA NA 30 Gy 20 

(<2 cm') 2 28.1 ± 1.5 22.0 13 ± 1 20 + 2 NA NA NA NA 30 Gy 25 
3 31.0 ± 2.5 30.0 8 ± 2 19 ± 2 179.6 + 16.0" 177.4 2 4 30 Gy + 0, 23 
4 37.0 ± 1.5 30.1 3 ± 1 14 ± 2 NA NA NA NA 30 Gy + O, 47 

Mean 29.4 ± 3.2 24.6 ± 3.4 10 ± 3 20 + 3 29 
Large 5 4.3 ± 1.2 2.0 62 ± 7 74 ± 10 NA NA NA NA 30 Gy 15 

(>3.5 cm') 6 8.8 ± 0.9 5.1 50 ± 7 67 ± 5 NA NA NA NA 30 Gy 16 
7 3.8 ± 0.7 1.3 66 ± 3 80 ± 4 NA NA NA NA 30 Gy 38 

Mean 5.6 ± 1.6' 2.8 ± 1.2- 59 ± 5' 74 ± 4'- 23 
g 1.3 ± 1.1 0.1 65 ± 3 80 ± 5 107 ± 14'' 70 15 22 30 Gy + 0, 55 
9 5.2 ± 1.2 0.9 60 ± 7 67 ± 10 895 ± 17" 54 17 26 30 Gy + 0, 57 

10 -1.7 + 2.0 -1.7 88 ± 6 93 ± 5 110 ± 10" 89 1 4 30 Gy + 0, 118 
Mean 1.6 ± 2.0- -0.2 ± 0.8' 71 ± 9' 80 ± 8' 102 ± 7" 71 + 10 11 ± 5" 17 ± 7" 77 

Notes. HF, or HF,„: Hypoxic fraction (fraction of voxels <5 or 10 Torr); HF, or HF,„ minimum: minimum value among the five measurements with 
respect to oxygen breathing; NA: not measured. 

" Values represent the mean values across the three baseline observations; T,: time required to reach two times initial volume (V„) 
" P < 0.01 from baseline. 
•■p < 0.01 from the small tumors. 

Ian-Meier hazard plots (T2) indicated that oxygen breathing 
produced an enhanced growth delay in the large tumors 
(Fig. 5). The cumulative survival time for the small and 
large tumors (Fig. 5) truly represents the time for the tu- 
mors to reach two times the initial treatment volume. In 
contrast, for the rats treated with radiation plus oxygen, one 
animal died before this volume was reached and two ani- 
mals were euthanized. Each of these animals lived longer 
than the rats receiving radiation alone. For these animals. 

the "T2" was defined as the time they were removed from 
the study. If anything, this procedure biases the results to- 
ward shorter survival times (i.e. less effect of O, breathing). 
Assuming that baseline pOj (for air-breathing rats) or the 
maximum pOj values observed during oxygen breathing 
(for radiation -I- O^) using FREDOM represent the PO2 val- 
ues at the time of irradiation, we found a strong linear cor- 
relation between the pO, values and T, for the large tumors 
(/? > 0.8; Fig. 6). For small tumors, breathing oxygen had 
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FIG. 4. Changes in oxygenation and hypoxic fraction in response to respiratory challenge. Panel a: Mean ± SE /?0, obtained from sequential maps 
of one small (solid) and three large HI (open) tumors with respect to respiratory challenge. *P < O.OOI, **P < 0.0(X)1 compared to mean baseline. 
Panel b: Corresponding hypoxic fraction (HF,,,) in these tumors (same symbols) decreased dramatically in response to oxygen breathing. 
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TABLE 2 
Tumor Growth after Radiation alone or Combined with Oxygen Breathing 

Vo (cm') T2 (days) 
Treatment No. Mean ± SE Mean ± SE Median T2 ratio 

Small Control (air) 6 1.2 ± 0.2 7.2 ± 0.7 7 

(<2 cm') 30 Gy 5 1.4 ± 0.2 38.8 ± 9.0" 28 
30 Gy + O2 5 1.7 ± 0.4 36.4 ± 6.7° 30 0.9 

Large Control 6 4.3 ± 0.2 16.7 ± 1.3 16 

(>3.5 cm') 30 Gy 7 6.7 ± 1.3 30.9 ± 5.5 31 

30 Gy + O2 7 7.9 ± 1.3 81.9 ± 14.6*-- 77 2.7 

Notes.Wi,: initial tumor volume; Tj. time to two times V^. 
' P < 0.01 from control group in the small tumors. 
>• P < 0.001 from control group. 
" P < 0.01 from irradiation alone group in the large tumors. 

no effect on the Tj, and thus we used baseline /7O2 values 
for the curve, which strengthened the correlation slightly. 

DISCUSSION 

In this study, we present data which show that the HI 
tumor, a moderately well-differentiated tumor, responds to 
oxygen breathing by increased pOj and reduced number of 
hypoxic voxels (<5 or <10 Torr). These data are in agree- 
ment with our earlier data (19, 20). As before, we show 
here that smaller tumors (<2 cm^) are significantly better 
oxygenated than larger HI tumors (>3 cm'), but we now 
demonstrate that this pattern of oxygenation and modula- 
tion of oxygen levels is manifested in the radiation respons- 
es. With the small HI tumors, a single dose of 30 Gy caused 
a significant delay in tumor growth (—30 days for Tj), but 
breathing oxygen produced no additional benefit. We be- 
lieve this reflects baseline oxygenation: While breathing ox- 
ygen did essentially eliminate the hypoxic fraction, it start- 
ed at a very low level (—20%), and thus most tumor cells 

were already sensitive to radiation. By contrast, under base- 
hne conditions, larger HI tumors had a substantial hypoxic 
fraction (HFio = 80%), which was significantly reduced to 
17% by breathing oxygen: This resulted in a significantly 
longer T2 of about 50 days in rats breathing O2 (Tj; Table 
2). Meanwhile, irradiation of large tumors while rats 
breathed air produced no significant growth delay, consis- 
tent with the large hypoxic fraction, which would be ex- 
pected to be radioresistant. It may be particularly significant 
that radiation was similarly effective in small or large tu- 
mors when the HFjo < 20%. 

Since Gray et al. {25) demonstrated that hypoxic cells 
are radioresistant, and noting that solid tumors are often 
hypoxic {4), there have been extensive efforts to increase 
tumor oxygenation (5). Intuitively, one might expect 
breathing elevated oxygen to improve tumor oxygenation 
and hence enhance the response to radiation. However, 
some previous investigations have found littie or no ther- 
apeutic benefit in animals or in the clinic (9, 26). Indeed, 
a meta-analysis of 83 clinical trials involving over 10,000 
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FIG. 6. T, as a function of the estimated pO, values at time of irra- 
diation showed strong correlation (/? > 0.8). For the six large tumors 
(open), baseline pO, values were used for the group receiving radiation 
alone (« = 3, triangle), while oxygen-modified pO, values were used for 
the group receiving radiation plus oxygen (« = 3, circle). For small tu- 
mors (filled), baseline pO, values were used for both groups (radiation 
alone (n = 2, triangle) and with oxygen (« = 2, circle) because oxygen 
breathing did not improve radiosensitivity. 

patients showed a only modest benefit that was restricted 
to specific tumor types (5). As others have speculated, this 
marginal effect may have resulted from the inability to 
identify those patients who would benefit from elevated ox- 
ygen. As we have seen, the effect of irradiation of large HI 
rat tumors was enhanced by oxygen inhalation, but the ef- 
fect would have been masked in a non-stratified population 
by the small tumors, which showed no effect. Current ap- 
plication of the Eppendorf histograph provides the capacity 
to identify hypoxic tumors, and some institutions are in- 
corporating pOj measurements into treatment planning. As 
a consequence, evidence is mounting that tumor oxygena- 
tion is a useful prognostic indicator of patient survival and 
disease-free survival in cervical cancer (7, 2) and head and 
neck cancer (70-72). Initial studies also suggest that the 
level of hypoxia in breast (27), prostate {28) and brain (29) 
tumors may ultimately have prognostic value. Thus iden- 
tifying patients with hypoxic tumors is of some importance, 
but what may be of greater value is to identify those tumors 
that respond with reduced hypoxia while the patients are 
breathing oxygen or carbogen. 

Generally, pOj measurements have been used to assess 
baseline pOj only, but Aquino Parsons et al. (30) have test- 
ed the ability to detect modulation of pOj accompanying 
adjuvant interventions. Repeat histograph investigations of 
a group of women with cervical cancer demonstrated im- 
proved tumor oxygenation when all subjects breathed car- 
bogen (rather than air). Oxygen and carbogen (oxygen 
mixed with 2.5% or 5% COj) were also compared, with as 
many as three series of measurements made in each tumor, 
but of necessity, parallel regions were examined because 

this approach is highly invasive (30). In their study, both 
fractions of COj in the carbogen appeared equally effective. 
Pure oxygen had little effect on the severely hypoxic frac- 
tion, i.e. the fraction of readings <2.5 Torr. 

Other studies have shown that the effect of carbogen on 
radiosensitivity and/or oxygenation appears to be slightly 
superior to pure oxygen in some tumor types (31-33). 
However, our own previous studies have generally found 
oxygen and carbogen to have a similar influence on oxy- 
genation of rat prostate tumors irrespective of tumor subline 
(e.g. Dunning prostate R3327-AT1, HI or MAT-Lu) or size 
(18-20) and agrees well with recent work published by 
Thews et al. (34). Thews et al. reported no significant dif- 
ferences in oxygenation of an experimental mouse tumor 
when the animals were breathing 1(X)% Oj compared to 1, 
2.5 or 5% CO, plus O,. 

The value of examining dynamic changes is emphasized 
by reports that efficacy of adjuvant interventions can be 
influenced by timing, e.g. preirradiation breathing time, and 
indeed, some studies (33, 35) have shown that after an ini- 
tial increase in pO^, a zenith is reached, followed by a de- 
cline. We created pOj maps every 8 min, and over a 40- 
min breathing time, the mean /JOJ in our HI tumors in- 
creased continually and the HF,o declined significantly in 
three of the four tumors (P < 0.01; Fig. 4). This finding is 
in line with our observations using both PTIEDOM and fi- 
ber-optic probes (19, 20). 

In common with our previous investigations (19, 20), we 
found that the large Dunning prostate R3327 HI tumors 
were significantly less well oxygenated than smaller ones: 
Mean and median /JOJ values were lower and the hypoxic 
fraction was greater (Table 1). The representative tumors 
used for /JOJ measurement in this study exhibited both 
baseline pOj distributions and responses to oxygen inha- 
lation that were not statistically distinguishable from our 
earlier observations (19). Thus, while both inter- and intra- 
tumor heterogeneity were observed, the HI tumors in this 
study behaved in a consistent manner This is important, 
since we measured /JOJ in representative tumors and have 
assumed that the other experimental tumors in the groups 
exhibited similar oxygen distributions and dynamics. 

As observed previously (19, 20), HI tumors show a re- 
markable response to oxygen inhalation: Even in large tu- 
mors, the hypoxic fraction <10 Torr (HF,„) decreased rap- 
idly from values greater than 60% to as low as 4% (Fig. 
4). To us, this reflects a well-developed vasculature. Indeed, 
histology showed an extensive vasculature that is well per- 
fused as revealed by the anti-CD31 staining (PECAM) and 
extensive distribution of Hoechst 33342 dye (Fig. 1). The 
general histological appearance of the HI tumors is the 
same as reported by others (27, 22). 

Others have examined the radiosensitivity of the Dun- 
ning prostate sublines H, HI and ATI (22, 36). Peschke et 
al. (22) reported that the well-differentiated and less hyp- 
oxic H and HI sublines were more sensitive to radiation 
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than the anaplastic ATI, but they did not examine the in- 
fluence of tumor size. 

Dynamic measurements are particularly valuable for as- 
sessing the time course of changes with respect to inter- 
ventions. Historically, single electrodes were applied (13), 
and more recently multiple locations have been interrogated 
with fiber-optic probes (19, 37). Dynamic studies using 
EPR have examined a single location within a tumor (15, 
38), and permanent sensor implants have permitted chronic 
studies of a single location over hours and days. EPR mea- 
surement of PO2 at a single location has been used to eval- 
uate the time course of increasing hypoxia and of reoxy- 
genation after irradiation of a mouse tumor (15, 39). Most 
significantly, the timing of sequential doses in a two-dose 
split regimen could be optimized to exploit the observed 
reoxygenation (15). 

We showed previously that HFB shows little macroscop- 
ic redistribution over a period of hours (40). It does clear 
from the tumors with a typical half-Ufe of HFB of about 
10 h, though some tumors show essentially no detectable 
clearance over a period of 6 h (41, 42). Microscopically, 
Oil Red O (ORO)-labeled HFB appeared as discrete drop- 
lets by histological observation (17). Clearance of HFB pre- 
cludes long-term studies of chronic oxygenation unless fur- 
ther doses of HFB are administered. However, it does allow 
us to examine acute changes with respect to various inter- 
ventions ranging from respiratory challenge with inhaled 
gases to vasoactive agents (43) and vascular targeting drugs 
(44). Short-term changes in pOj after irradiation have also 
been examined (45). Other perfluorocarbon reporter mole- 
cules show longer tissue residence, and we previously used 
perfluorotributylamine to follow chronic changes during tu- 
mor growth over a period of weeks (46). The perfluoro- 
carbons administered i.v. sequester in the well-perfused re- 
gions of the tumor (47). 

In common with other oximetry approaches, FREDOM 
involves sampling regions of a tumor, which should be rep- 
resentative of the whole. We showed previously that these 
data are consistent with the Eppendorf histograph approach 
(77). We aim to sample both central and peripheral tumor 
regions by administering the HFB in the form of a fan along 
several tracks across a central plane of the tumor. As seen 
in Fig. 2, many more voxels give a potential pOj value than 
are used for the analysis. We apply specific thresholding 
criteria to select only those data points providing a "good" 
curve fit. Comparison of maps a and d in Fig. 2 shows that 
the data selected generally correspond to regions of higher 
signal intensity, which ensures a better signal-to-noise ratio 
and better data quality, as also demonstrated previously 
(48). Importantly, however, there does not appear to be any 
correlation between the signal amplitude and the pOj values 
themselves, since that might imply that the HFB acts as an 
oxygen reservoir. Beyond the data thresholding, we also 
normally select only those data points that provide consis- 
tently high-quality data to ensure that the same voxels are 
interrogated throughout a series of measurements. Occa- 

sionally, an animal (and its tumor) will move sUghtly dur- 
ing a long time series of measurements. In this case the 
requirement of consistently high-quaUty curve fits through- 
out the data set for individual voxels fails since the tissues 
have moved relative to the voxel grid. Such motion is im- 
mediately apparent when examining the images. There is a 
choice of eliminating such a data set or relaxing the accep- 
tance criteria. In this study, the motion was seen in only 
one tumor (no. 8) and the acceptance criteria were relaxed 
to include the data, based on pOj population distribution, 
rather than absolute spatial continuity. It is important to 
recognize that all methods of pOj measurement include a 
degree of sampling. In some approaches, this involves the 
selective placement and tracking of electrodes, in others the 
choice of locations for biopsy and the number of micro- 
scopic fields of view. Samphng can be avoided by obtain- 
ing global measurements, as commonly acquired using near 
infrared approaches, but this may itself mask the funda- 
mental tumor heterogeneity (49). Thus we believe that the 
FREDOM approach, which provides pOj measurements at 
multiple individual locations simultaneously and reproduc- 
ibly, can be a robust method worthy of further applications. 

In view of tumor heterogeneity, the general trend among 
pOj measurements has been toward measuring pOj distri- 
butions, and the Eppendorf histograph is considered by 
some to be a gold standard. It is the only technique to have 
widespread clinical application so far. While it precludes 
assessment of changes at individual locations within the 
tumor, strong correlations have been reported between me- 
dian PO2 or HFjo and surviving fraction based on the clon- 
ogenic assay (50). We showed previously that pOj distri- 
butions measured using FREDOM are not dissimilar from 
those obtained using the histograph (17). We believe that 
FREDOM could offer an enhanced examination in the fu- 
ture, since needle insertion is required only once and acute 
dynamic studies can be conducted at multiple individual 
locations simultaneously. We do, however, recognize that 
access to chnical ''F MRI is presently limited and costly. 

Fyles et al. (2) showed that hypoxia in small cervical 
cancers had little impact on outcome, while it was highly 
significant for large tumors. More recently, they also re- 
ported that the finding is pertinent only to node-negative 
patients (51). Thus it is reasonable to search for additional 
prognostic factors other than tumor size (2), and recent re- 
ports suggest that in certain cases lactate concentration (52), 
apoptosis (53), microvascular density (24), expression of 
proteins such as HIF-1 (54), or carbonic anhydrase (CAIX) 
(55) could provide additional stratification. Our differenti- 
ation of small and large tumors based on the response to 
respiratory intervention agrees with the report of Fyles et 
al. (2), but we are seeking additional parameters to stratify 
tumors. 

Since human prostate cancer can have a high hypoxic 
fraction (28), the ability to monitor changes in p02 could 
have important implications in therapeutic strategies. In 
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particular, radiotherapy could benefit from intensity-modu- 
lated treatment based on regional variation in pO^. 

We have found that changes in pO, coincide with mod- 
ulation of therapeutic efficacy. An alternative explanation 
could simply note that "large" tumors responded, whereas 
smaller ones did not, and indeed, several studies have 
shown that tumor size is a strong prognostic indicator in 
the clinic. In this tumor type, as we have shown in several 
other tumor types, small tumors tend to be well oxygenated, 
while larger tumors are relatively hypoxic. Thus we have 
not been able to test small baseline hypoxic tumors or well- 
oxygenated large ones. It will ultimately be important to 
explore other tumor types in which pOj and tumor size are 
not related. However, Fig. 6 does show a strong correlation 
irrespective of size between mean pO, and growth delay 
after irradiation, and thus we believe that pO, is an impor- 
tant parameter predicting therapeutic outcome. 

In conclusion, our results suggest that the ability to detect 
modulation of tumor pO,, in particular, the residual hypoxic 
fraction, with respect to an intervention, could have prog- 
nostic value for improving the efficacy of radiotherapy. If 
the findings we present here are confirmed in prostate can- 
cer patients, it would suggest the therapeutic value of mon- 
itoring tumor baseline and dynamic pO,. Tumors like the 
HI can be modulated and might be expected to show im- 
proved response to radiotherapy with oxygen or carbogen 
inhalation prior to therapy. These results further demon- 
strate the value of FREDOM as a prognostic tool to assess 
in vivo dynamic changes in regional pO,. We hope our new 
data showing the predictive value of FREDOM with respect 
to dynamic measurements provides an impetus to develop 
this technique further, e.g. to examine its usefulness in more 
diverse tumor types, encourage evaluation in other labora- 
tories, and translate measurements to clinical settings. 
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Abstract 

Tumor oxygenation has long been recognized as a significant factor influencing cancer 

therapy. We recently established a novel magnetic resonance in vivo approach to measuring 

regional tumor oxygen tension: FREDOM (Fluorocarbon Relaxometry using Echo planar 

unaging for Dynamic Oxygen Mapping) using hexafluorobenzene, as the reporter molecule. We 

have now investigated oxygen dynamics in the two Dunning prostate R3327 rat tumor sublines 

ATI and H. FREDOM revealed considerable intra-tumoral heterogeneity in the distribution of 

p02 values in both sublines. The anaplastic faster growing ATI tumors were more hypoxic 

compared with the size-matched well differentiated and slower growing H tumors. Respiratory 

challenge with oxygen produced significant increases in mean and median pOz in all the H 

tumors (p<0.001), but no response in half of the larger ATI tumors (>3 ere?). 

Immimohistochemical studies using the hypoxia marker pimonidazole and the vascular 

endothelial cell marker CD3I confirmed that the H tumors had more extensive vasculature and 

less hypoxia than the ATI tumors. These results further validate the utilization of FREDOM to 

monitor tumor oxygenation and concur with the hypothesis that the level of hypoxia is related to 

tumor growth rate and poor vascularity. 



Introduction 

It is well recognized that hypoxia in solid tumors affects response to radiotherapy [1-3] and 

some chemotherapeutic drugs [4]. Recent evidence, in experimental and clinical studies, 

indicates that tumor hypoxia might also be a mechanism for malignant progression and 

metastasis in solid tumors [5,6]. Given the importance of oxygen, many techniques for 

monitoring pOa have been developed [7]. While each method has specific attributes, many are 

highly mvasive, and impractical for longitudinal studies of specific regions of interest. 

We recently demonstrated the feasibility of measuring tumor oxygenation based on '^F NMR 

echo planar imagmg (EPI) following direct mtatumoral injection of the reporter molecule 

hexafluorobenzene (HFB): FREDOM (FluorocaTbon Relaxometry using Echo planar imaging for 

Dynamic Oxygen Mapping) [8]. This technique allows us to not only simultaneously examine 

multiple specific locations within a tumor, but also observe dynamic changes at individual 

locations with respect to intervention. Our previous studies of Dunning R3327 prostate rat tumor 

sublines have demonstrated that the faster growing metastatic MAT-Lu tumors were more 

hypoxic than the relatively well differentiated and slower growing HI tumors [9]. In order to 

further investigate the potential correlation between hypoxia and tumor malignant progression, 

we have now studied and compared tumor oxygen tension dynamics m two other Dunning 

prostate rat tumor sublines: the well differentiated slower growing H and the anaplastic fast 

growing ATI, which derives originally fi:om the course of passage of the H [10]. 

There is a close relationship between hypoxia and vascular extent in solid tumors, and it is 

widely accepted that tumor hypoxia results m part firom poor vascularity [11]. 

Immunohistochemistry based on bioreductive chemical markers and vascular endothelial cell 

markers can reveal spatial patterns of tumor hypoxia and vasculature, as well as their relationship 



at the cellular level [12-14]. We have now compared direct pOa measurements using FREDOM 

with histological investigations of hypoxia and vasculature usmg pimonidazole and anti-CD31 

antibody and show that the macroscopic dynamic imaging is consistent with the histological 

microstmcture. 

Methods 

Experiments were approved by the Institutional Animal Care and Research Advisory 

Committee. 

Tumor Model 

Two sublines of the Dunning prostate R3327 adenocarcinoma were selected: H, a well 

differentiated, slow growing tumor with volume doubling time (VDT) of 16 days [15], and ATI, 

an anaplastic, faster growing subline with VDT of 5 days [10]. Tumors were originally obtained 

from Dr. J. T. Isaacs (Johns Hopkins, Baltimore) and provided to us by Dr. P. Peschke (DKFZ, 

Heidelberg, Germany). Timiors were implanted in a skin pedicle surgically created on the 

foreback of adult male Copenhagen-2331 rats (~250 g, Harian), as described in detail previously 

[16]. Tumors were allowed to grow and investigated by MRI when about 1 cn^ or when greater 

than 3 cni? (~10 mm or > 20 mm diameter). Twelve H tumors, including six small (size range 0.6 

~ 1.5 cm?) and six large (range 3.0 ~ 4.6 cm?), and thirteen ATI tumors, including seven small 

(range 0.7 -- 1.8 en?) and six large (range 3.0 ~ 5.2 cm?) were investigated. In preparation for 

MRI, each rat was given ketamine hydrochloride (200 ill; 100 mg/ml, Aveco, Fort Dodge, lA) as a 

relaxant (i.p.) and maintained under general gaseous anesthesia [1 dn?/min air and 1.3% 

isoflurane (Baxter International Inc., Deerfield, IL)]. Hexafluorobenzene (50 ^il, Lancaster, 

Gainesville, FL), was deoxygenated by bubbling nitrogen for 5 mins before use, and injected 

directly into the tumors using a Hamilton syringe (Reno, NV) with a custom-made fine sharp 



needle (32G), as described in detail previously [9]. Generally, HFB was administered along three 

tracks in the form of a fan in a single central plane of the tumor coronal to the rat's body. The 

needle was inserted manually to penetrate across the whole tumor and withdrawn ~1 mm to reduce 

pressure, and 3 ^il HFB was deposited. The needle was repeatedly withdrawn a further 2-3 mm 

and additional HFB was deposited. Typically, HFB was deliberately deposited at about 16 

individual locations per tumor, in both the central and peripheral regions of the tumors to ensure 

that the interrogated regions would be representative of the whole tumor. Each animal was placed 

on its side in a cradle with a thermal blanket to maintain body temperature. 

Tumor Oximetry - FREDOM 

Magnetic resonance experiments were performed using an Omega CSI 4.7 horizontal bore 

magnet system with actively shielded gradients (Bruker Instrument Inc., Fremont, CA). A 

tunable (W^F) MR coil, 2 or 3 cm in diameter matched to the tumor size Constructed from a 

cylindrical copper tube about 2 cm deep and acting as a single turn solenoid) was placed around 

the tumor-bearing pedicle. Proton images were obtained for anatomical reference using a three- 

dimensional (3D) spin-echo sequence. The coil was then retuned in place to 188.27 MHz, and 

corresponding '^F MR images were obtained. Overlaying the ^^F MR images on the 

corresponding proton unages revealed the distribution of HFB. 

Following conventional MR imaging, tumor oxygenation was estimated on the basis of ' F 

pulse burst saturation recovery (PBSR) EPI relaxometry of the HFB, as described previously [8]. 

The ARDVARC (Alternated Rl Delays with Variable Acquisitions to Reduce Clearance effects) 

data acquisition protocol was applied to optimize data quality. This approach provided p02 maps 

with 1.25 mm in plane voxel resolution in 8 minutes with typically ~50-150 individual pOa 

measurements (voxels per tumor). The spin-lattice relaxation rate [Rl    (s'^) = 1^1] was 



estimated on a voxel-by-voxel basis using a three-parameter monoexponential function, and p02 

was estimated using the relationship pOa (torr) = (Rl - 0.0835)70.001876 [8]. Three consecutive 

baseline p02 measurements were made over 24 minutes, while the rats breathed air. The inhaled 

gas was then altered to oxygen (100% Qz) and p02 maps were immediately acquired with no 

equilibration period. Five consecutive maps were acquired over 40 mms. The gas was then 

returned to air, and five further maps were acquired over 40 mins. 

Histology 

Histological studies were performed on large ATI and H tumors. 

Necrosis 

For H&E staining, tumor tissues were fixed in 10% formalin, embedded in paraffin and 

sectioned (4 \im). Tumor necrotic regions were identified on the H&E stained slides examined 

under low magnification (2X objective). All fields (~30) in each section were captured by a digital 

camera and processed using Metaview software (Universal Imaging Corporation, West Chester, 

PA). Fields were caUbrated according to magnification, areas occupied by necrotic cells were 

outlined, calculated and expressed in mm?. The area of the entire cross-section was determined 

manually. The proportion of necrotic areas (% necrosis) was calculated as follows: sum of all 

necrotic areas in a single cross-section divided by total area of cross-section and multiplied by 

100. Five slides representing each tumor type were analyzed and the percentage of necrosis was 

calculated and averaged for each tumor. 

Immunohistochemical detection ofhypoxia 

Pimonidazole hydrochloride (Hypoxyprobe™-!, NPI, Inc., Behnont, MA) was injected into the 

tail vein at a dose of 60 mg/kg. Ninety min later, rats were anesthetized and then perfused for 20 

min with physiological saline containing 5 mM CaCl. For immunohistochemistry, the tissues 



were immediately immersed in liquid nitrogen and stored at -80 °C. After cryostat sectioning (6 

|im thick), tumor sections were fixed in acetone for 5 min and then re-hydrated in phosphate 

buffer saline containing 0.1% Tween-20 (PBST) for 10 min. Monoclonal antibody Mabl (NPI, 

Inc., Behnont, MA) that detects pimonidazole-protein adducts was diluted 1:100 and added to 

firozen sections followed by mcubation for 2 hr at 37 °C. Slides were then incubated for 1 hr at 

37 °C with horseradish peroxidase (HRP)- conjugated goat anti mouse secondary antibody (1: 100 

dilution; Serotec, Raleigh, NC). After a PBST wash, sections were immersed in AEC substrate (3- 

amino-9-ethylcarbazole, Vector Laboratories, Inc., Burlingame, CA) for 15 min at room 

temperature. Finally, sections were counterstained with hematoxylin and observed under light 

microscopy. Hypoxic fraction was determined as area positively stained for pimonidazole relative 

to the total tissue area using Metaview software. 

Blood Vessel Density 

Mouse anti rat CD31 monoclonal antibody (1:20; Serotec, Raleigh, NC) and HRP- conjugated 

goat anti mouse secondary antibody (1:100) were used to detect tumor blood vessels on 6 ^im 

sections immediately adjacent to those used for detection of hypoxia. Vascular density was 

evaluated using the "hot spot' technique described by Weidner et al. [17]. The five most 

vascularized areas in each tumor were selected under low magnification (4x). Vascular density 

was determined by counting the total number of structures positive for CD31 using lOX objective 

(area 0.318 mm?) and calculating the mean number of vessels per nm?. 

Statistical Analysis 

The statistical significance of changes m oxygenation was assessed using an Analysis of 

Variance (ANOVA) on the basis of Fisher's Protected Least Significant Difference (PLSD; 

Statview, SAS Inst. Inc., Gary, NC). Where appropriate, the Student's t-test was appUed. Hypoxic 



fiactions (HF2.5; s; 10 < 2.5; 5; 10 torr) measured by FREDOM in all the tumors were calculated 

from the fraction of hypoxic voxels in each pOa map. All data are quoted ± s.e. 

Results 

Tumor Oximetry - FREDOM 

Overlay of "F on 'H images (not shown) confirmed that HFB was widely distributed, 

predominantly in a central slice and occupied voxels representing 5 to 10% of the whole tumor. 

In the series of EPI relaxation data sets, typically ~50-300 voxels provided an Rl fit, and 

potential p02 value. Since even noise may give an apparent relaxation curve (Rl) fit, data were 

selected within a region of interest, and having Tl error < 2.5 s and ratio Tl error/Tl < 50%. 

With respect to respiratory interventions, only those voxels, which provided consistently reliable 

data during ttie time course, were included for ftuther analysis. The number of such acceptable 

voxels ranged from 11 to 74 per tumor. Figure 1 shows typical p02 maps of the selected regions 

obtained from representative small H and ATI tumors under baselme air breathing and during 

oxygen challenge. During ak breathing, both tumors exhibited extensive heterogeneity in pOa 

distribution, but the H tumor was better oxygenated than the ATI tumor (p<0.001). Upon 

switching to oxygen breathing, both tumors responded with significantly increased mean pOa 

(p<0.001). 

Data for small and large tumors in the H and ATI sublines are pooled as histograms in Figs. 

2 and 3, respectively. For the H tumors (Fig. 2), a total of 219 voxels from the six small H 

tumors were pooled and gave a mean baseline pOa = 31 ± 2 torr (median = 27 torr), which was 

significantly greater (p<0.001) than for the six larger H tumors (159 voxels), which had a value 

of 14 ± 1 torr (median = 12 torr). For the ATI subline (Fig. 3), the seven small tumors (280 



voxels) had a mean pOz of 14 ± 1 ton (median = 11 torr), which was significantly greater 

(p<0.001), compared to the six large ATI tumors (149 voxels; mean= 4 ± 1 torr, median = 3 

torr). Comparison of the pooled mean baseline pOa between the two sublines showed that both 

the small and large groups of ATI tumors had significantly lower mean pOa than the size- 

matched H groups (p<0.001). Oxygen breathing produced significant increase in mean pOa in all 

the tumor groups (p<0.001). However, hypoxic fractions (pOz < 2.5 torr; 2.5 < pOz < 5 torr, 5 < 

p02 <10 torr) behaved differently between the H and ATI tumors. Specifically, for the larger 

tumors, the hypoxic firactions of all the ranges in the H tumors (18%; 8%; 18%) decreased 

dramatically to less than 5%, whereas no distinct changes were observed in the large ATI tumors 

(Figs. 2 and 3). 

Uniquely, FREDOM allows the oxygen dynamics at multiple mdividual locations to be 

followed non-invasively and simultaneously, specifically revealing the fate of initially hypoxic 

regions. Voxels with initial pOz < 10 torr through all the three baseline measurements were 

followed witii respect to respiratory challenge for both H (92 voxels) and ATI (248 voxels) 

sublines (Figs. 4a and 4b). Fig. 4a shows tiiat oxygen breathing produced a significant increase in 

mean pOz for these initially hypoxic regions in both the H (mean baseline p02 = 3.9 ± 0.4 torr; 

maximum p02 observed with oxygen = 54.7 ± 4.6 torr) and the ATI (mean baseline p02 = 1.2 ± 

0.1 torr, maximum p02 = 17.9 ± 2.3 torr) tumors (p<0.01). However, comparison of the median 

p02 for these voxels showed a dramatic increase in the H tumors (baseline pOz = 4.1 torr to 

maximum pOj = 46.2 torr), versus only a small increase in the corresponding regions of the ATI 

tumors (baseline p02 =1.5 torr to maximum pOa = 5.3 torr). We also examined these hypoxic 

voxels grouped as having baseline pOz < 5 torr or in the range 5 to 10 torr. For the ATI tumors, 

both subsets behaved equivalently and in line with the trace shown in Fig. 4a. For the H tumors, 



each subset showed a significant increase, but the p02 achieved was significantly higher for 

those voxels, which started in the 5-10 torr group. Moreover, figure 4b shows that about 90% 

initially hypoxic regions became well oxygenated vnth oxygen breathing in the H tumors, 

whereas > 60% of the hypoxic regions in the ATI tumors remained. Hypoxic regions in the 

groups of small and large ATI tumors did not behave significantly differently (p>0.3). 

p02 data were also compared on the basis of differences between individual tumors, as 

shown in Table 1. As with the pooled data, for both the H and ATI tumors, the large tumors 

were significantly more hypoxic than the smaller tumors, and the ATI tumors were significantly 

less well oxygenated than the size-matched H tumors (p<0.05; Tables 1 and 2). With respect to 

oxygen challenge, all the tumors in the H subline and the small ATls showed significant 

increases in global mean pOa (p<0.001), while three of the six larger ATI tumors did not respond 

to oxygen. The mean and median pOa increased, and the HFsor lo decreased significantly in the H 

and the small ATI tumors with oxygen inhalation (p<0.05; Table 1). Mean pOa of the group of 

six large tumors did increase, but only reached a p<0.1 level of significance. 

Immunohistochemistry 

ATI tumors were significantly more hypoxic than the H tumors of comparable size (Fig. 5 

and Table 2). The positive staining for pimonidazole in the ATI tumors was primarily detected 

in tumor cells located in perinecrotic regions and more than 100 ^im away from blood vessels, 

which were recognized by the anti CD31 antibody (Fig. 5C and D). The total number of vessels 

per mm? was 139± 30 (range 88 to 227) in the better oxygenated H tumors, which was 

significantly higher than for the more hypoxic ATI tumors (45± 13/mm?, range 28 to 71; p<0.05; 

Fig. 5 and Table 2). This difference in vascularity also coincided vsdth the greater necrotic 

fiiaction: about 7% area in the ATI tumors compared with only 2% in the H tumors (Table 2). 



Discussion 

The anaplastic and faster growing ATI tumors were significantly more hypoxic than the 

well differentiated and slower growing H tumors from which they were originally derived. These 

results are consistent with previous reports comparing oxygenation and radiation sensitivity of 

the AT and H sublines. Based on electrode polarographic pOa measurements, the H subline was 

found to be considerably less hypoxic [18]. This coincided with ^'P NMR showing greater 

phosphocreatine and less inorganic phosphate (Pi) in H tumors [19]. Moreover, radiation 

sensitivity of AT, but not H tumors could be enhanced by misonidazole [20], suggesting a lack of 

hypoxia in the H tumors. We have ourselves examined ATI tumors previously during 

development of the ^'F MRI oximetry technique [8,21]. The mean and median pOi values 

reported now and previously are remarkably similar, together with distribution histograms and 

hypoxic fractions. In all cases, we have found that larger tumors are significantly less well 

oxygenated than small tumors, and indeed, this was also observed in other Dunning prostate 

R3327 tumors sublmes (MAT-Lu and HI) [9,22] and rat breast tumors [23]. Yeh et al [18] found 

no such correlation with size for either subline based on electrode oximetry, but ^'P NMR did 

show metaboUc hypoxiation in larger AT tumors [19]. Inter laboratory comparison must 

recognize differences in techniques and procedures. The histology of our tumors is very similar 

to that of Chapman etal. [18,20] and growth of the H tumors is comparable. However, we work 

with the ATI subline [10], as opposed to the AT, and we fmd a volume doubling time of 5 days 

as opposed to 2 or 3 days [20]. In comparing our own previous data, we have now altered our 

anesthesia protocol to a baseline of air/isoflurane as opposed to 33% oxygen in nitrous oxide 

with metafane [8,21]. Nonetheless, the pOi distributions appear very similar. 



In addition to providing tumor baseline pOa, the FREDOM technique allows the study of 

oxygen dynamics in response to interventions, e.g., respiratory challenge. Our results show that 

oxygen breathing produced significant increase in mean pOa in all the H tumors and the small 

ATI tumors, while the change was only borderline significant in the larger ATI tumors (Table 

1). Most interestingly, the initially hypoxic regions in the H tumors responded significantly to 

become well oxygenated with oxygen challenge, whereas no distinct reduction in hypoxic 

fractions was observed m the large ATI tumors (Table 1 and Fig. 4a and b). The ATI tumor data 

coincides with our previous observations in this subline [21]. 

There is increasing evidence that tumor malignant progression may be associated with a 

hypoxic microenvironment [5,6,24]. Several recent clinical studies have demonstrated a positive 

relationship between the presence of hypoxia and poor outcome associated with malignant 

progression and metastasis in several cancers, e.g., advanced squamous cell carcinoma of the 

cervix [3,25,26], and sarcomas and carcinomas from head, neck and soft tissue [27]. Studies of 

breast cancer have not all been consistent, e.g., early work by Vaupel et al [28] showed no 

correlation between grade or stage and pOa using the Eppendorf Histograph. By contrast, a 

recent report from Hohenberger et al. [29] indicated that mean p02 and hypoxic fiaction in breast 

tumors were associated with both grade and stage. The results of Hockel et al. [3] in advanced 

cervical cancer patients showed a lack of correlation between tumor oxygenation and 

differentiation or stage, but a significantly positive correlation of tumor oxygenation and 

malignant progression. In an animal model, Thews et al. [30] reported that a higher differentiated 

rhabdomyosarcoma subline Fl of the BA-HAN-1 was less well oxygenated than the 

undifferentiated G8 subline. While Thew's results show the opposite trend to the observations we 

report here, it is important to note that the Fl and G8 tumors each grow relatively rapidly. In our 



studies the higher differentiated tumors grow much more slowly. Several other studies have 

shown evidence that tumor malignant progression, e.g., local invasion, destractive growth and 

metastasis, may be associated with hypoxic microenvironment in both experimental models 

[5,24,31,32] and the clinic [25,26,33]. A recent study by Movsas et al. [34] using the Eppendorf 

Histograph showed that increasing levels of hypoxia were related to increasing clinical stage of 

human prostate carcinomas, but trends with respect to grade did not reach significance. Eble et 

al [35] found that the moderately well differentiated Dunning rat prostate HI subline was better 

oxygenated than the anaplastic ATI subline and Yeh et al. [18] found that the well differentiated 

H subline was better oxygenated than the anaplastic AT. Our previous study of two other 

Dunning prostate R3327 rat tumor sublines showed that the poorly differentiated, faster growing 

(VDT = 2.7 days) and metastatic MAT-Lu tumors were less well oxygenated than the 

moderately differentiated and slower growing (VDT = 9 days) HI tumors. Similar to the results 

here, breathing hyperoxic gas (oxygen or carbogen) significantly increased the oxygenation and 

reduced the hypoxic fraction in the HI tumors, but to a much lessor extent in the metastatic 

MAT-Lu tumors [9]. This would tend to support the hypothesis that tumor hypoxia is associated 

with parameters such increased growth rate and level of differentiation (grade). As in our 

previous studies [9,22,23] of various tumor types, tumor size, which is a major component of 

tumor staging, showed a strongly inverse relationship to oxygenation. 

Many experimental and clinical studies have demonstrated that reoxygenation of hypoxic 

tumor cells contributes to improved radiation sensitivity for tumor therapy [36,37]. Whether 

initially hypoxic regions of a tumor can be modified to become better oxygenated has long been 

considered a key indicator for outcome of irradiation. Examining the initially hypoxic regions 

(p02 values < 10 torr) showed that more than 90% of the hypoxic regions m the H tumors 



became better oxygenated in response to oxygen breathing. In contrast, about 60% of such 

regions from the ATI tumors remained unchanged (Fig. 4b). Thus, one would expect that 

radiosensitivity of the H tumors might be significantly improved with pretreatment oxygen 

breathing, whereas beneficial effect in the ATI tumors would be less. In fact, measurements m 

HI tumors with respect to our recent experimental radiotherapy have vaUdated the hypothesis. 

We found that oxygen breathing before and during a 30 Gy single dose irradiation significantly 

enhanced the radiosensitivity by prolonging the tumor growth delay in large HI tumors [38]. 

Intriguingly, breathing oxygen had no benefit in small HI tumors coinciding with a very small 

baseline hypoxic fraction. By analogy, one would expect that patients with hypoxic tumors like 

the large H and HI would show enhanced local control by irradiation in combination with 

oxygen breathing. Actually, recent clinical data have shown promising results in advanced head 

and neck cancers accomplished by accelerated radiotherapy with the carbogen and nicotinamide 

(ARCON) schedule. The phase n trial demonstrated that the ARGON has significantly improved 

3-year local control rates to 80% for laiynx, 69% for hypopharynx, 88% for oropharynx cancers 

[39] and those patients with hypoxic tumors received the greatest benefit from the ARGON 

paradigm [33]. 

Gomparison of figure 4a and b shows the mean p02 in the initially hypoxic regions fix)m 

both the H and the ATI tumors continued to increase during the course of 40 min oxygen 

breathing, while the corresponding hypoxic fiaction in both sublines dropped to a minimum 

value within 24 min and then remamed stable. This discrepancy suggests that hypoxic regions 

may be divided into two categories: those, which are modulated by oxygen within 24 mins and 

continue to show increase at later times, versus those, which are unresponsive. This information 

could be valuable for guiding and planning radiotherapy. In our previous studies of the Dunning 



prostate rat tumors, we found that oxygen or carbogen breathing produced a similar effect on 

tumor oxygenation across all the sublines MAT-Lu, ATI, and HI [8,9,21,22,40]. Our irradiation 

study validated that oxygen breathing significantly improved radiosensitivity in initially hypoxic 

large HI tumors [38]. 

Hexafluorobenzene has many strengths as a reporter molecule: MR mterrogation is non- 

destructive, HFB exhibits remarkably low toxicity and is readily available. From an MR 

perspective HFB is ideal, having a single resonance, high sensitivity to pOi and minimal 

sensitivity to temperature [41]. The high vapor pressure produces a short biological half-life (T1/2 

~ 600 mins) [40], but there is little macroscopic redistribution over a period of 2.5 h allowing 

effective investigations of acute interventions [41]. The Hamilton syringe with a custom-made 

fine sharp needle (32G) was designed to mmimize tissue damage. Our current data, as well as 

our previous observations, have demonstrated the stability of local pOj measurements under 

baseline conditions. FREDOM oximetry has been vaUdated by various techniques in previous 

studies, e.g., similar baseline pOa distribution in the ATI tumors acquired by Eppendorf 

Histograph [21] and comparable oxygen dynamics with oxygen or carbogen challenge observed 

in HI tumors using the fiber-optic OxyLite'^*^ [22] or oxygen electrodes [9]. 

Tumor oxygenation may be investigated at many levels ranging from induced gene 

expression, to cellular microscopy and macroscopic techniques. Ultimately, correlation with 

outcome is relevant to clinical application, as has been demonstrated for measurements using the 

Eppendorf Histograph [3,26,27] and most recently pimonidazole bmding [33]. We have 

previously shown that pOa measurements using FREDOM were similar to the Histograph and 

now we show that hypoxic fractions are commensurate with pimonidazole binding. The 

anaplastic faster growmg ATI tumors had significantly higher pimonidazole binding (18%) than 



the well differentiated slower growing H tumors (5%, p<0.05), consistent with the FREDOM 

measurements. However, as shown in Table 2, the hypoxic fractions HF2.5,5, and 10 measured by 

FREDOM for the large ATI tumors were far greater than the extent of pimonidazole binding. 

Others have also reported such discrepancies using Histograph or OxyLite""^*^ [12,42]. Histograph 

assessment of oxygenation does not differentiate hypoxic live tissues from necrotic regions 

leading to overestimation of tumor hypoxia [43,44]. However, in our tumors the level of necrosis 

is relatively small, and would not account for the disparity. It has also been suggested that 

diffusion may limit the distribution of bioreductive hypoxia markers leading to underestimation 

of tumor hypoxia [45] and, in addition, nitroimidazole binding may be influenced by levels of 

both nitroreductase and thiol [46]. Furthermore, a pOa threshold value for hypoxic marker 

binding is not clearly defined in vivo. There may also be differences in sensitivity to chronic 

versus acute hypoxia and the time required for efficient pimonidazole labeling. Bennewith et al. 

[47] have now shown significantly greater pimonidazole binding when assessed following 96 h 

continuous oral availability, as opposed to a single dose i.v or i.p. followed by tissue harvest after 

6 h. Here, we followed the manufacturer's recommendations of a 90 min. delay between /.v. 

administration and sacrifice. Despite the lack of absolute correspondence, a general positive 

correlation in assessments of tumor hypoxia has been reported between Histograph or OxyLite^'^ 

and pimonidazole binding by others [12,44], and now by us, here. 

Tumor hypoxia results in part from inadequate blood vessel development and solid tumors 

appear not grow beyond a critical size of ~1 mm' without evoking angiogenesis [48]. Figure 5 

shows a typical case of insufficient blood vessels in a region of an ATI tumor, which results in 

hypoxia, and eventually necrosis with increased distance away from the vessels. The anti-CD31 

staining for vascular endothelial cells showed that the more hypoxic ATI tumors had lower 



vascular density than the better oxygenated H tumors (Table 2). This result is in agreement with 

other reports m various animal or human tumors indicating greater hypoxia at reduced vascular 

density[ll,44]. However, some studies have shown the opposite trend [17,49], may be because 

hypoxia stimulates angiogenesis generating greater neovasculature. Here, we have appHed 

histological approaches to assess hypoxia in relation to vascular density. Others have examined 

additional pertinent parameters including vascular perfusion, e.g., using distribution of the 

Hoechst 33342 dye [14,38] and even dynamic changes by applying pairs of distinct hypoxia 

markers (CCI-103F and pimonidazole) sequentially before and after an intervention to reveal 

dynamic response (pulse chase double labeling) [14]. Specifically, they were able to detect 

changes in tumor hypoxia following interventions designed to modulate hypoxia such as 

breathing hyperoxic gas and hydralazine. Ultimately, dynamic studies will be of great 

importance and the availability and correlation of many diverse techniques revealing tissue and 

cellular properties on various scales from whole tumor to microscopic resolution will be 

pertinent. 

The FREDOM approach to tumor oximetry has the great advantage of facilitating non- 

invasive assessment of changes in pOa in response to interventions, as shown here for breathing 

hyperoxic gases and previously for vasoactive agents, such as hydralazine [50], or vascxilar 

targeting agents [51]. The method is inherently quantitative, but it does require introduction of 

small quantities (~ 50 jil) of the reporter molecule HFB. Another drawback for potential clinical 

application, is the current lack of a ^^F NMR channel on most clinical MRI scanners. Currently, 

we estimate at least 20 research instruments in the world have a clinical ^^F EPI capability and 

this will mcrease dramatically with the popularity of high field systems (e.g., 3 T). Our own 

institution is installing its first clinical '^F MRI capability in spring 2003 and we envisage 



clinical application of the FREDOM in the near future. We  are currently investigating 

Investigational New Drug approval for HFB. 

We and others are also searching for alternative non-invasive approaches. Near infrared 

reveals changes in vascular oxygenation with high time resolution, but currently little spatial 

discrimination [52]. BOLD (Blood Oxygen Level Dependant) contrast 'H MRI provides spatial 

resolution and is sensitive to changes in vascular oxygenation, but also is sensitive to changes in 

tumor blood flow and tumor blood volume (FLOOD) [53]. Moreover, correlation between 

changes in signal intensity and direct measures of pOa have shown a qualitative relationship, but 

poor indication of absolute pOa [54,55]. In some cases correlation has been shown between pOa 

and DCE (Dynamic Contrast Enhanced) 'H MRI [56,57], but while DCE can reveal changes in 

vascular flow and permeability, it must be recognized that tissue pOa represents a balance 

between oxygen delivery and consumption, and thus, such correlations are unlikely to be valid 

across diverse tumor types. 

In conclusion, we have demonstrated that in comparison with the H tumor, the anaplastic 

faster growing ATI subline of the Dunning R3327 tumor is significantly more hypoxic. 

Comparable data using histological markers of hypoxia and vascular endothelium further 

validate the assessment of tumor oxygenation by FREDOM. We beheve this approach can 

provide valuable insight into tumor physiology and response to interventions, assisting in the 

development of novel therapeutic strategies. Ultimately, FREDOM should have application in 

the clinical setting. 
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Legends 

Figure 1 

p02 maps obtained using FREDOM. Distinct heterogeneity was seen in these representative 

small H (1.1 en?) and ATI (1.5 cn^) tumors under baseline conditions, when the anesthetized 

rats breathed air. The H tumor (baseline mean pOa = 20.3 + 2.2 (se) torr) was significantly better 

oxygenated than the ATI tumor (baseline mean pOa = 5.3 ± 0.9 torr, p < 0.001). In response to 

oxygen inhalation, pOa increased significantly in both the H and the ATI tumors [mean pOa = 

46.7 ± 3.7 torr (p < 0.001) and 17.2 ± 3.8 torr (p < 0.005), respectively]. In each case, the fourth 

measurement after switching to oxygen breathmg is shown. Colored voxels were selected by 

applying threshold criteria to each ensuing high quality data throughout the time course. Gray 

voxels provided a Tl curve fit, but with large errors. 

Figure 2 

Histograms of tumor oxygenation pooled for the H tumors. Data from six small (219 voxels) and 

six large (159 voxels) H tumors obtained using FREDOM show distinct heterogeneity. The small 

tumors were significantly better oxygenated (mean = 31 ± 2 torr, median = 27 torr) than the large 

tumors (mean = 14 ± 1 torr, median = 12 torr; p<0.001). In response to respiratory challenge 

with oxygen, both mean and median pOa in each group increased significantly (p<0.001). Arrows 

indicate mean (x) and median (m) pOa, respectively. The bin numbers show the maximum pOi 

for each category. Cumulative frequencies are shown by curves. 



Figure 3 

Histograms of tumor oxygenation pooled for the ATI tumors. Seven small tumors (280 voxels) 

showed significantly higher baseline p02 (mean = 14 ± 1 torr, median = 11 ton) than the six 

large tumors (149 voxels; mean = 4 ± 1 torr, median = 3 torr; p< 0.001). With respect to oxygen 

challenge, mean p02 in both groups increased significantly (p<0.001). However, the median p02 

in the large tumors only increased from 3 to 8 torr. Comparison with the H tumors (Fig. 2) 

showed that both the groups of small and large ATI tumors were less well oxygenated 

(p<0.001). Arrows indicate mean (x) and median (m) pOa, respectively. 

Figure 4 

Dynamic oxygenation at individual locations with initial pOz <10 torr (hypoxic) in response to 

oxygen breathmg. A. A total of 92 initially hypoxic voxels from both the small (n=31) and the 

large (n=61) H tumors, and 248 hypoxic voxels from the small (n=131) and large ATI (n=117) 

tumors were followed with respect to gas challenge. The mean pOz in each subline increased 

immediately after oxygen breathing, and reached a mean pOz = 55 ± 5 (se) torr in H versus 18 ± 

2 torr in ATI, respectively (p<0.001) after 40 mins. B. Dynamic hypoxic fraction (HFjo < 10 

torr) in the initially hypoxic regions of the H tumors decreased to a mimmum < 10%, 24 min 

after switching to oxygen inhalation, whereas > 60% initially hypoxic regions remained in the 

ATI tumors (* p<0.001). 

Figure 5 

Distribution of pimonidazole and CD31 in representative large H and ATI tumors A. Well 

differentiated H tumor comprising muUiple glandular structures and connective  stroma. 



Immunostaining for hypoxia marker, pimonidazole showed few positive cells. B. Anti-CD31 

staining (brown) demonstrated relatively well distributed vascailar endothelial cells in a 

consecutive 6 [im section. C. The anaplastic ATI tumor is composed of non-glandular structure 

and fewer stromal cells. Typical distribution of hypoxia in the ATI, recognized as positive 

staining for pimonidazole (brown), was observed at some distance from blood vessels stained for 

CD31 (P, arrow) and located adjacent to necrotic regions (N). 
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Table 2 Comparison of hypoxic fraction with histology 
FREDOM 

Hypoxic fraction (%) 
HF2.5      HF5       HFio 

Histology 
Tumor 
Subline 

Necrosis 

(%) 

Hypoxia marker Vascular density 
Pimonidazole (%)   CD31 (/mm^) 

H 21 ±3    31 ±4    46 ±5 2±1              5±1                 139 ±30 

ATI 51±5*   65±5*   83±3' 7±1             18 ±4*               45 ±13* 

HFj.s. 5 or 10= Hypoxic fraction (< 2.5,5 or 10 torr); * p < 0.05 from H tumors. 
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In vivo MRI monitoring of prostate tumor vasculature and oxygen dynamics 
Dawen Zhao. Lan Jiang, Anca Constantinescu, Eric W. Hahn and Ralph P. Mason, 
Department of Radiology, U.T. Southwestern IVledical Center, Dallas, TX 75390. 

Hypoxic cells in solid tumors, has long been recognized as a significant factor 
influencing response to cancer therapy and prognosisrWe recently established a novel 
magnetic resonance approach to'measuring regional tumor oxygen tension: FREDOM 
(Fluorocarbon Relaxometry using Echo planar imaging for Dynamic Oxygen Mapping) 
using hexafluorobenzene, as the reporter molecule (1, 2). Recognizing the intimate 
interplay of tumor oxygenation and blood flow, we began investigations to compare 
regional changes in p02, vascular oxygenation and blood flow. Here, we compare 
perfusion and oxygen dynamics in two Dunning R3327 prostate rat tumor sublines (3): 
the well differentiated slower growing H subline (Tpot ~ 20 days) and the anaplastic 
faster growing AT1 subline (Tpot ~ 4.6 days). MRI experiments were performed on a 4.7 
T MR system. Vascular oxygen dynamics were assessed using BOLD (Blood Oxygen 
Level Dependant) contrast ''H MRI. A series of echo planar images was acquired, while 
the rat breathed air and in response to respiratory challenge with oxygen (1 dm^/min). 
Differences in signal intensity enhancement in response to oxygen inhalation were 
found between the H (40%) and the AT1 (25%) tumors (p<0.05). Increased signal may 
be interpreted as increased HbOa. Following a re-equilibration period, dynamic Gd- 
DTPA contrast-enhanced (DOE) MRI was performed using a spin-echo T1-weighted 
pulse sequence. The data also revealed significantly higher signal enhancement in H 
(38%) compared to AT1 (15%) tumors (p<0.05). Finally, FREDOM performed on the 
same 4 mm thick tumor section revealed considerable intra tumoral heterogeneity in the 
distribution of p02 values. H tumors had a higher mean baseline p02 (30.5 ± 1.6 mmHg) 
than size-matched AT1 (13.6 ± 0.5 mmHg) tumors (p<0.001). Further, although both 
tumor types responded to respiratory challenge, oxygen inhalation produced a 
significantly higher maximum p02 (p<0.001) in H (121.6 ± 6.8 mmHg) compared with 
ATI (58.3 ± 3.8 mmHg) tumors. Immunohistochemical studies using the hypoxic marker 
(pimonidazole) and the vascular endothelial cell marker (CD31) verified that the H 
subline with 2% positive pimonidazole binding is better oxygenated than the AT1 
subline (11 %), and vascular density is also higher in H than ATI tumors. In summary, 
we believe that the BOLD and DOE MRI, which provide a qualitative index of vascular 
oxygenation and flow, when combined with quantitative data on tissue oxygenation by 
■"^F MR provide valuable insight into tumor physiology, specifically related to the 
proficiency of the vascular component and is relevant to treatment response and 
prognosis. References: 1. Hunjah, S., Zhao, D., Constantinescu, A., Hahn, E. W., 
Antich, P. P., and Mason, R. P. Int. J. Radiat. Oncol. Biol. Phys. 49, 1097-1108, 2001. 
2. Zhao, D., Constantinescu, A., Hahn, E. W., and Mason, R. P. Radiat. Res. 157, in the 
press 2002. 3. Isaacs, J., Isaacs, W., Feitz, W., and Scheres, J. Prostate 9, 261-81, 
1986. (Supported by the DOD Prostate Cancer Initiative (DAMD 170110108) and NCI 
R01 79515) 
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POSTER       SESSIONS 

pump). Each tumor-bearing rat was placed under continuous, eas 
anesthesia, using air + ~ 2% Isof?nrane, then administered 7^5 at 
-3 hi before X-ray at time 'O'. At -40 min. DDFP or sa^Te was 
administered over 30 min. at 23 microliter/min. At -iZiin die 
anesthetic gas was either continued with air (fop^ontrols) or 

t::ff/° r'°^'" ^''^° °' ^ ^^° ^02). ThZnor w^ Ln 
irradiated and processed for evaluation of radian response by aS 
m v,vo-m vuro assay The EF5 binding perioZvas used to quantify 

salv^.'tT;'''"^''''' 1 '""'"^ hypoxiySe animals were only' 
subjected to carbogen for the last feyminutes of the 3 hr EF5 
drug exposure, a. the time of irradi^^^n. Carbogen alone provided 
on^y mammal sensmzation. Simil^, DDFP treatment with air was 
not different than controls witlxiut drug. However, DDFP plus car- 
bogen caused dramatic sen^zation, and has provided a highly 

in the DDFP + carbogeS group was the same as for Morris 7777 
cells irradiated mai^ after disaggregation from the tumor, e.g a 
completely aerobK^ radiation response. DDFP plus carbogen ap- 
pea^ to comp^ly reverse the hypoxic cell radioresistance in this 
sTh , °^° our knowledge, no previous smdy has achieved 
such a copfilete elimination of radioresistance. For example, mi- 
somdaz^ and etamdazole have only been useful for providing 
mod^sensitization of very radioresistant tumors, and would Jt 
prprtde any sensitization to tumors of intermediate hypoxia 

^In";^^^ ^T""}? ^^'^^' ^'"'^'"^ P'"*'"'^'^ for Outcome in 
Cancer of the CervLx. C. Aquino-Parsons', J.P Miath'-* JA 
Raleigh-and P^^.OUve'-.British 
W. 10th Ave., Vancouver, B.C. V5Z 1L3. 'U^versity of North 
Carolina, Chapel Hill, NO 27599. >™'versity ot Worth 

trnH^c^l ^'"°' "J'yS^"^'^^" measured/(fsing oxygen microelec- 
frodes IS known to be predictive for pZ outcome in cancer of the 

ZZ' 1° ='"'™!f ^l^-^'h^f the h^oxia marker, pimonidazole, 
would show a similar predictive/lity, patients with invasive ep 
ithehal cervical cancers, FIGQ^tages lb to IVa. were given pi- 

^°forf Sl'n^h '""o'^' T' '■'■ '"^^'°" (°-5 8"^'"') 24 hours before tumor biopsy. Patiedts were subsequently treated with the 
current standard course/radiation and weekly cisplatinum After 
incisional biopsy, a s^e cell suspension was prepared from ap- 

Row analysis of tSese samples was performed using anti-pimon- 
idazole antibody, and histograms were analyzed using a curiefit- 
ting progrartv that defined hypoxic cells as those that bound on 
lllT^ 3,0-times more pimonidazole antibody than the welJ-oxy- 

momdazole bmdmg, the percentage of hypoxic cells ranged from 

22 hi ""* ' '"I^ °^ '•^''"' ^ '^ P^''=°^ ^here follow-up 
ome has now exceeded 1 year, none of the 8 patients with tumors 

of'dt^^f H ' *'" ]■'"', ''^"^^ ""^ ''- '" ^hown evidr 
«rv d in ,.c?*rf '"'"^ ''^^^^^^^ '^'^'°' ^^^^^'tases were ob- 
ZntZl      °^ *' '^"^""^ " P^"^'''^- ^«= «^"lts support 
th^I ,f "'°!," "".f'" '° '^=""^y P^«="'5 ^'* cervical cancer that will respond well to treatment. 

Zl^t^ Comparison of hypoxia and microvascuJar density in 
the slow growing well difTerentiated H vs. the faster prov^ne 

F w^'w'^'.t''.' °"'^"8 ^^"^'^'^ R3327 rat tumor!D.S"' 
E.W.Hahn'* S Ran', A. Constantinescu' and R.R Mason'* 'De- 

T?^.TQn .n'"^"'"^' "•■^' S°'^*western Medical Center, Dallas 

S?i'ter, DlC^^13';r^-'°^^■ "•^- S-^westemMed-' 

Tumor oxygenation status is recognized as a significant factor 
influencmg the outcome of radiation therapy. A m^rpro^S in 

Z t°T' '\'° -"^'r^^' '^'^^ physiologic^ mechanisms 
^l^A i''^ ^'* "^^ ^'''^ °^ ^^P°^'^ ^^ ^™rs. by using tumors havmg diverse growth rates and histology. Here, we com 
pare oxygen dynamics in two Dunning prostate R3327 rat tumor 

16 dav'o H^" '^■fff ntiated slower growing H sublinl S 
H^vf^ TI  . ^'P''''^' ^'''" growing ATI subline (Tpo? 5 
day ) The ttimors were transplanted to surgically formed skin ped- 

l^in.T .°" ^ ^°''^''^ °^ ^'^"^ "'^^ Copenhagen rats^and examined when they were 2-3 cm diameter. We IK.H Fprnn^. 

tumorally, as the reporter molecule to measure regional tumor ox- 
ygen tension using a 4.7 T MR system. We also carried out im- 
munohistochemical studies using pimonidazole to detennine the 
level and distnbution of hypoxia and the vascular endothelial ceil 
™_™^'° determine the micro-vascular density. As expect- 
ed, f/J£DOAf revealed considerable intra tumoral heterogeneitv in 
the distnbution of pO, values. H tumors had a higher mean base- 
line pu, (12.7 _ 1,1 mmHg) than size-matched ATI (3 9 i 1 5 
mmHg) tumors (p<0.001). The HF<10 mmHg was 457 ± 4'8 
percent in the H turnors compared to 83.2 ± 3.5 per cent for the 
ATI tumors (p<0.001). Two percent of the tumor ceUs in the H 

, nimors-were bound with pimonidazole compared to the ATI sub- 
line m which 11% of the ceUs were pimonidazole positive Micro- 
vascular density (MVD) was also higher in H vs. ATI tumors In 
summary, these results concur with our working hypothesis that 
the level of hypoxia is related to tumor growth rate and in turn to 
the vascular architecture. Supported by the POD Prostate C.nr.r 
Imtiative (DAMD 170110108) and NCI ROl 795iT ~ 

(PlO-88) Comparison of the Comet Assay and Eppendorf Eiec 
trode to Measure Tumor Oxygenation in Head and Neck ( 

r"l A'^r!"' '^■^- °°"='*' ^' T=^5'*' H. Pmto', D. Blochi^Q T 
.. Le', J.M. Brown'.* and M.S. Kovacs'*. 'Department of E^atioa 

Oncology, Stanford University, Stanford, CA 94305. ='pWment 
of Surgery, Stanford University, Stanford, CA 94305/«Department 
ot Medicine, Stanford University, Stanford, CAi4i05 'Deoart' 

CA"9430?^"^ ^^'^""'^ '"'' ^°'''-^' ^'^""^ Ujrfversity,'stanford, 

rh.r.n'A-1 °^ ' "'i"'""^ ^"^ °^ *= '''^'°" °f tirapazaraine to 
chemoradiotherapy of node positive stae/lV head and neck cancer 
we measured the oxygenation of the nS: nodes prior to treatmeni 
using both the Eppendorf oxygen/ectrode and the induction of 
DNA smgle strand breaks (SSBs/after a dose of 5 Gy nsina the 
alkali comet assay. The medi^xygenation (by Eppendorf)°was 
nil I "^^ tumors a/d 51.9 mmHg for the normal sub- 
cutaneous tissue. In additio/to fine needle aspirates taken 1 2 and 

toTt^hlLf "^''' r °^r'' ""^ '°°^ ^^P'« P"°^'° ^"^diation to establish a basehne/omet tail moment, and irradiated these 
samples m vitro to establish the tail moment distribution in fully 
oxygenated cells fo/owing 5 Gy. We analyzed the comet distri- 
butions using median tail moment (MTM) after removal of base- 
hne cont^natK/fl due to the presence of unirradiated cells in the 
sample. We fpdnd a highly significant correlation between the 
MTM values/for 1 and 2 minutes (r'=0.66, p<0.0001) thereby 
demonstrating the reliability of the assay. The slope of this Hne is 
consistem/with the expected half-life of 3 minutes for the repair 

/ xX?."?''""'^ ^^^'- ^ ^o^nparison of the in vivo and m 
vitro MTM data indicates that the inter-tumor variation in DNA 
dam.a^e is not due to differences in intrinsic radiosensitivitv be- 
Uveen tumors, but ratiier due to variation in oxygenation from tu- 
mor to tumor. However, we found no correlation between the Ep- 
pendorf median pO, and the comet MTM (r==0 09) The data for 
tumor oxygenation determined by the comet assay and clinical 
outcome will be presented. 

V     ,*^cT."^°' •'^P'"^^ assessment in breast cancer, MA 
W* S.C Chou', CA. Ballenger', S. Maygarden'. L. Licht^ 
LA^Rdeigh'*. 'Department of Radiation Oncology>Unlversityof 
North Carolina, Chapel Hill, NC 27599. 'DepartX of Radiathn 
Oncology, Duke University Medical Center.'Sr^^NC 277 Q 

Hm!'^2759°9^'*°'°°'^' ""^''"''- °P^ ^^°"''^' Chapel 

As tumor hypoxia predicts for^oor prognoses in human can- 
cers, there is increasing interest,ifi developing methods of hypoxia 
assessment. Several clinical,,.fudies show'the presence oSor 
hypoxia in utenne cervical carcinoma, head and neck cancer and 
soft tissue sarcomas, however little is known about the presence 
of tumor^hypoxiam breast cancer,.the most-com.mon/ancer in 
women. We have initiated studies of tumor hypoxia assessment in 
human breast cancer using pimonidazole as the hypoxia marker 
Pauents wi±.-biopsy confirmed breast carcinoma are enrolled in 
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Measurement of tumor oxygen dynamics correctly predicts beneficial adjuvant intervention for 
radiotherapy in Dunning prostate R3327-HI tumors 

D, Zhao, A. Constantinescu, K,C, Chang, K. Gall, E.W, Hahn, and R.P, Mason, 
Departments of Radiology and Radiation Oncology, U.T. Southwestern Medical Center, Dallas, TX, USA 

It is generally recognized that accurate measurement of tumor 
oxygenatior. could predict response to radiotherapy. We have recently 
established a magnetic resonance approach to measuring regional 
tumor oxygen tension FREDOM (Fluorocarbon Reiaxomctry using 
Echo planar imaging for Dynamic Oxygen Mapping) with 
hcxafluorobcnzcnc, as a reporter molecule. FREDOM data showed 
th.at the hypoxic fraction in large Dunning prostate R3327-HI tumors 
decreased significantly with oxygen inhalation. Here, we tested the 
effect of the adjuvant intervention of oxygen inhalation on 
radiotherapy of these tumors. Radiation induced growth delay 
corresponded with decreased hypoxic fraction. 

Introduction: It is recognized that tumor hypoxia 
influences the outcome of radiation therapy, and 
increased tumor oxygenation promotes radiosensitivity. 
We have developed a method to measure tumor oxygen 
tension quantitatively and now demonstrate its prognostic 
value with respect to radiation induced tumor growth 
delay, The FREDOM approach exploits the strong 
sensitivity of the "F NMR spin lattice relaxation rate of 
the reporter molecule hexafluorobenzene to p02 (1). Our 
earlier studies showed that oxygen inhalation 
significantly decreased tumor hypoxia in the moderately 
well differentiated subline of Dunning prostate R3327-HI 
rat carcinoma (2). To test our hypothesis that oxygen 
inhalation is an effective adjuvant intervention for 
radiotherapy, we compared tumor response to ionizing 
radiation alone or in combination with oxygen inhalation. 

Methods: Syngeneic Dunning prostate R3327-HI 
tumors (moderately well differentiated, volume doubling 
time 9 days; TCD50 ~ 50 Gy) were implanted in surgically 
formed skin pedicles on the foreback of male 
Copenhagen rats. Tumors were measured thrice weekly 
with calipers. Tumors were allowed to grow to ~1 cm 
diameter (-0.6 cm^) or 2 cm diameter (> 3.5 cm''), at 
which time they were divided into groups for irradiation. 
Prior to irradiation, p02 was assessed in selected tumors 
using FREDOM. Hexafluorobenzene (50 (il) was injected 
directly into the tumor. A size matched 'i-L'"F single turn 
solenoid coil was placed around the tumor and MR 
experiments were performed using a 4.7 T magnet with 
actively shielded gradients. Tumor oxygenauon was 
assessed using "F PBSR-EPI of HFB with 8 minute time 
resolution. For those rats, which would breathe oxygen 
dur;ng irradiation, a respiratory challenge with oxygen 
was performed to assess the response of tamor pO:. 
Regional pOi was estimated using the relationship; p02 
(torr) = (Rl-0.0835)/0.001g76. 

Several hours after MRI measurements, irradiation 
was performed using a single dose (30 Gy) at 6 MeV on a 
Siemens KDS linear accelerator. Half the rats breathed 
oxygen for 30 min prior to and during irradiation, while 
the others breathed air. A treatment plan was designed to 
irradiate the tumors only and bolus material was used to 
improve dose uniformity. 

Results: In common with our previous findings (2), the 
larger tumors (> 3.5 cm^) exhibited greater hypoxia than 

the smaller tumors (< 2 cm'). Baseline mean and median 
pO: were 28.4 ± 1.1 torr and 25.3 torr h the smaller 
tumors, but significantly lower in the larger tumors (4.6 ± 
1.0 torr and 1.7 torr; p < 0.001). With oxygen inhalation, 
pOj increased significantly in both the smaller (mean = 
179.6 ± 16 torr; median = 177.4 torr) and the larger tumors 
(mean = 110.2 ± 13.6 torr; median = 70,1 torr). For all 
tumors, irradiation produced a significant growth delay 
compared with sham irradiated controls, but for smiall 
tumors oxygen inhalation had no additional effect. By 
contrast, for the larger tumors, oxygen inhalation produced 
enhanced growth delay (enhancement ratio = 2.4). 

1 

.6- 

oi 
0 20 

—1—'—I—■—1—'—I— 

40      60      80      100    120    140 
Days after irradiation 

For large HI tumors a significant growth delay (50 days; 
p < 0.01) was observed when rats inhaled oxygen during 
irradiation. The Kaplan Meier survival plot indicates time 
to reach 3 x initial size (or earlier sacrifice, as needed). 

Discussion: When rats breathed oxygen during 
irradiation, large HI tumors exhibited a significantly longer 
growth delay than those breathing air. For small tumors, 
no difference was observed. The differential behavior may 
be attributed to the low baseline hypoxic fraction (< 10 
torr) in small tumors (20%) as a target for oxygen 
inhalation. Meanwhile, hypoxic fraction in the larger 
tumors dropped significantly fi-om a mean ba.seline value 
80% to a final value 21%) after 40 m.in oxygen breathing 
(p < 0.001). These data suggest that the ability to detect 
modulation of tumor pOa, in particular, the resid'oal 
hypoxic firaction, with respect to an intervention, could 
have prognostic value for improving the efficacy of 
radiotherapy. These results further demonstrate the value 
of FREDOM io assess in vivo dynamic changes in regional 
pOj as a prognostic tool. 

References: 
1. Hunjan, S., 2^ao, D., Constantinescu, A., Hahr., E. 
W., Antich, P. P,, and Mason, R. P. Int. J. Radial. Oncol. 
Bio/. P/!y5. 49, 1097-1108,2001, 
2. Zhao, D., Constantinescu, A,, Hahn, E. W., and 
Mason, R. P. Radiat. Res. 156, 510-520, 2001. 

Acknowledgment: Supported by DOD Prostate Cancer 
Initiative PAMD 170110108) and NCI ROl 79515. 

C Proc. Intl. Soc. Mag. Reson. Med. 10 (2002) 



The Tumor Microenvironment and Its Impact on 
Cancer Therapies 

8th International Workshop 

I 
I 
I 

'»* -V-' 

iM 

Mav 4-7. 2003 



MRI EVALUATION OF METRONOMIC CHEMOTHERAPY: THE ANTITUMOR 
EFFECTS OF COMBINED LOW-DOSE CYCLOPHOSPHAMIDE AND THALIDOMTOE 
ON PROSTATE TUMORS 

DAWEN ZHAO, SOPHIA RAN+, ANCA CONSTANTINESCU, ERIC W. HAHN, AND RALPH 
P. MASON 

DEPARTMENTS OF RADIOLOGY AND ^PHARMACOLOGY, 
UT SOUTHWESTERN MEDICAL CENTER, DALLAS, TX 75390, USA 

Several reports suggest that continuous low dose administration of certain cytotoxic agents, 
so-called "metronomic" chemotherapy can strongly potentiate the efficacy of anti-angiogenic or 
anti-vascular therapies. We believe that non-invasive approaches (imaging) can greatly enhance the 
understanding of the mode of action and efficacy of a specific treatment protocol. We have used 
Dynamic Contrast Enhanced (DCE) Magnetic Resonance Imaging (MRI) to explore changes in the 
vasculature of Dunning R3327-AT1 prostate rat tumors during a metronomic schedule. Therapy 
comprised low-doses of the chemotherapeutic agent, cyclophosphamide (CTX; 20 mg/kg p.o. daily) 
singly or in combination with the angiogenic inhibitor, thalidomide (60 mg/kg i.p. twice a week). 

ATI tumors are relatively fast growing undifferentiated tumors with a volume doubling time 
of 4.6 days. The syngeneic tumors were implanted in skin pedicles on the foreback of male 
Copenhagen rats. When tumors reached ~1 cm diameter (-0.6 cm^) DCE MRI was performed using 
a 4.7 T MR system and a bolus injection of Gd-DTPA (0.1 mmol/kg, Magnevist) through a tail vein 
catheter. The tumors showed considerable heterogeneity with greater and more rapid contrast 
changes in the tumor periphery, than the center. Metronomic therapy was initiated the following day 
and tumor growth monitored with calipers. After 7 days of treatment, DCE-MRI revealed 
significant changes in the central regions of the tumors, where contrast changes were now much less 
and slower. The contrast response of the tumor rim was, however, essentially, as before, At this 
stage, little difference in tumor size was apparent, but ultimately there was a significant growth 
delay in the ATI tumors receiving combined metronomic treatment, compared with the control 
group (30 days; p<0.05). 

I Histological sections with H&E staining confirmed that the combined treatment caused a large 
I amount of necrosis in the central regions, leaving a thin peripheral region alive. This tumor type 

normally has only isolated central micro necroses. Interestingly, vascular thrombosis was observed 
in numerous tumor microvessels in the groups treated with thalidomide alone or the metronomic 
combination. Apoptotic endothelial cells detected by an antibody against apoptosis marker, caspase 

^ 3, were evident in the vessels packed with thrombi. Immunohistochemical studies also showed 
I significantly increased number of apoptotic tumor cells and decreased number of dividing cells that 
^ are identified by anti-PCNA antibody. 
" In summary, non-invasive DCE MRI revealed intra-tumoral heterogeneity in situ, in vivo and 
I changes in temporo-spatial dynamics, which may give an early indication of treatment response and 
I ultimately allow scheduling, dosage and drug combination to be optimized. 

I 

Supported by the DOD Prostate Cancer Initiative (DAMD 170110108) (DZ) and NCI ROl 79515. 

PgV-3 


